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RP Pay 


OPERATING EFFICIENCIES 


83° 89° 
© STATIC fo TOTAL 


Our Engineers are ready to advise on the 
selection of fans to meet your requirements. 
For further particulars please write to our 
reference N/I0I/FGL. 


STURTEVANT ENGINEERING 


COMPANY LIMITED 


Southern House Cannon Street London E.C.4 


= VANT INDUSTRIAL PLANT INCLUDES: 
A ELECTROSTATIC STURTEVA 7 © GRINDING & 
AAAS ANU IKI ELECTROSTATIC AIR FILTRATION AIR CONDITIONING DRYING FANS SEPARATION 


HEATING & VENTILATING DUST COLLECTING VACUUM CLEANERS 
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Direct-Acting 


~ FEED PUMPS 


——_ 


Age ‘Suitable for all types of boilers. 

: : _ Standard sizes and capacities a 

= ec for discharge pressures up to 
300. Ib./sq. in. 


Special designs for higher pressures. 


FEED HEATERS . 
FEED REGULATORS 
EVAPORATING AND 
DISTILLING PLANTS 
OIL FUEL PUMPS 
DE-AERATORS 
REGENERATIVE 

CONDENSERS 
ETC... 
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a -— S ft Nalders Measuring Instruments cover a 
: wide range, high quality being character- 

i =——ti‘( esCt*tCCistic of every type. Cases are of rectan- 

gular, square or round pattern in diecast 
aluminium or pressed steel, finished 
bright black stove enamel or other colour 


as required. 


: . LL. : a INSTRUMENTS, ELECTRONICS 
& AUTOMATION EXHIBITION 
Olympia Grand Hall, May 7-17, 1957 
STAND No. 603 (Ground Floor) 


NALDER BROS. & 
THOMPSON LTD. 


DALSTON LANE WORKS 
LONDON, E.8 


Phone: Clissold 2365 (3 lines) 
Grams: ‘‘Occlude, Hack, London’”’ 


LE.E. PROCEEDINGS, PART A—ADVERTISEMENTS _—_—_—s‘iv’*) 


Hewittic Kectifiers 


ON LONDON TRANSPORT RAILWAYS 


The illustrations show a train on the Northern Line at 
Hendon and the 4,000 kW substation at Bond Street (Central 
Line) equipped exclusively with Hewittic Rectifiers. The plant 
comprises four 1,000 kW combined rectifier and transformer 
units, the transformers being totally enclosed air-cooled. 

This Company is also responsible for the supply and installation 
of all A.C. and D.C. control gear at this substation. __ 

Some 90,000 kW of Hewittic Rectifiers have been supplied 

to the London Transport Executive. 


a 


Over 1; million kW 
In World Wide Service 


* HEWITTIC RECTIFIERS—PUMPLESS—AIR COOLED—UP TO ANY CAPACITY 


HACKBRIDGE AND HEWITTIC ELECTRIC CO., LIMITED 


WALTON-ON-THAMES - SURREY - ENGLAND 
_ Telephone : : Walton- ‘on-Thames 7 760 (8 lines) =~ ~——‘Telegrams : * Electric, Walton-on-Thames” 


OVERSEAS REPRESENTATIVES.—ARGENTINA: H. A. Roberts & Cia., S.R.L., Buenos Aires. AUSTRALIA: Hackbridge and Hewittic Electric Co. Ltd., 171, 
Fitzroy Street, St. Kilda, Victoria; N.S.W.: Queensland: W. Australia: Elder Smith & Co. Ltd.; South Australia: Parsons & Robertson Ltd. BELGIUM & 
LUXEMBOURG: M. Dorfman, 5, Avenue des Phalenes, Brussels. BRAZIL: Oscar G. Mors, Sao Paulo. BURMA: Neonlite Manufacturing and Trading Co., 
Ltd., Rangoon. CANADA: Hackbridge and Hewittic Electric Co. of Canada Ltd., Montreal; The Northern Electric Co. Ltd., Montreal, etc. CEYLON: Envee Ess 
Ltd., Colombo. _ CHILE: Ingenieria Electrica S.A.C., Santiago. EAST AFRICA: Gerald Hoe (Lighting) Ltd., Nairobi. EGYPT: Giacomo Cohenca Fils, S.A.E. 
Cairo. FINLAND: Sahk6-ja Koneliike O.Y. Hermes, Helsinki. HOLLAND: J. Kater E.I., Ouderkerk a.d. Amstel, Amsteldijk Noord 103c. INDIA: Steam & Mining 
Equipment (India) Private Ltd., Calcutta; Easun Engineering Co. Ltd., Madras. IRAQ: J. P. Bahoshy Bros., Baghdad. MALAYA, SINGAPORE & BORNEO: Harper 
Gilfillan & Co., Ltd., Kuala Lumpur. NEW ZEALAND: Richardson, McCabe & Co. Ltd., Wellington, etc. SOUTH AFRICA: Fraser & Chalmers (S.A.) (Pty... 
Ltd., Johannesburg. CENTRAL AFRICAN FEDERATION: Fraser & Chalmers (S.A.) (Pty.) Ltd., Salisbury, etc. GOLD COAST, NIGERIA & SIERRA LEONE: Glyndov: 
Ltd. THAILAND: Vichien Phanich Co. Ltd., Bangkok. TRINIDAD & TOBAGO: Thomas Peake & Co., Port of Spain. TURKEY: Dr. H. Salim Oker, Ankara 
URUGUAY: H. A. Roberts & Cia., S.A.U., Montevideo, U.S.A.: Hackhridge’ and Hewittic Electric Co. Ltd., P.O. Box 234, Pittsburgh 30, Pennsylvania. 
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FLAMEPROOF 
DIRECT-ON -STARTER 


150 hp. 5°5 k.v. 


In addition to the basic components the following auxiliaries can be 
provided. 
Control circuit 110 volt; alternatively, intrinsically safe control circuit. 


Earth leakage protection; alternatively, Sentryfugue control relay for belt 
slip protection. 
Brake Control Unit with overcurrent protection. 


500 v.a. supply available for external lighting when brake control unit is not . 
included. 


Automatic sequence starting. 
Ammeter. 


3:3 k.v. Starters are also available in industrial enclosures for direct-on and 
stator/rotor starting up to 200 h.p. 


M. & C. SWITCHGEAR, LTD. 


KIRKINTILLOCH, GLASGOW. 


LONDON OFFICE, 36 VICTORIA ST., S.W.1. SHEFFIELD OFFICE, OLIVE GROVE RD. 
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A typical G.E.C. remote supervisory control room, with (right) a typical private 
automatic exchange unit. G.E.C. remote supervisory control provides the power 

engineer with the means of controlling power distribution from a central control 
room, and with speech facilities, long-range meter readings, and state-of- 
switchgear indications. 


It’s a small 
world... 


G.E.C. telecommunica- 
tion systems bridge the 
seas, span deserts, level 


mountain. ranges. If you 


want a private intercom- 


Line coupling equipment through 

which carrier signals are injected 
into the power lines themselves. Up 
to eight communication circuits can be 
provided by each system. 


munication system, or are 
planning a comprehensive net- 
work, let G.E.C. tell you of the 


wide range of equipment available. 


THE GENERAL ELECTRIC COMPANY LTD. OF ENGLAND 
TELEPHONE, RADIO AND TELEVISION WORKS, COVENTRY oo. ae 
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os 275-kV 
___ GIRCUIT-BREAKERS 


es at 
Castle Donington 


a 


{ For the new C.E.A. Super Grid 
, Switching Station at Castle Donington, 
British Thomson-Houston are supply~ 
ing ten 275-kV, 7,500 MVA lenticular 
oil circuit-breakers. Each phase of the 
-units includes four breaks shunted by 
Some of the BTH circuit-breakers on site at Castle ‘near resistors which ensure an equal 
Donington, C.E.A, East Midlands Division. distribution of voltage between breaks 
and effectively control switching 
overvoltages. 


: BRITISH THOMSON-HOUSTON 


‘THE BRITISH THOMSON-HOUSTON COMPANY LIMITED - WILLESDEN : ENGLAND 
Member of the AE! group of companies A5107 


/ 


. TEE, PROCEEDINGS, PART A—ADVERTISEMENTS 


~ 


le first two boiler 
nearing 
completion. 


mits, 


Island 


<A 


=e: (pe 
ay 


Steam power 
for the Sudan... 


ABCOCK at Burri 


THE new Burri power station, at Khartoum, 

of the Sudan Light & Power Co. Ltd. is 
equipped with Babcock oil-fired type FH Integral 
Furnace boilers, each rated at 68,000 lb./hr. 
M.C.R., 450 Ib./sq.in., 750°F. 


Installed in the open, with no boiler house, 
these units were built to withstand conditions 
of humidity varying over a wide range annually, 


Sectional view of a 
Babcock oil-fired, type 
FH Integral Furnace 
boiler. 


and metal surface temperatures, under the hot 
sun, reaching 160°F. For such installations, 
Babcock experience in building outdoor boiler 
plants to operate under widely varying climatic 
conditions is a valuable advantage. 


In addition to the complete boiler units, 
plant supplied by Babcock & Wilcox Ltd. 
included the entire oil-firing installation, soot 
blowers, boiler control instruments and panels, 
forced and induced-draught fans, and pipework 
to the English Electric turbo-alternators— 
providing yet another example of the compre- 
hensive BABCOCK service to steam-users. 


The oil-firing plant, designed to operate with 
Bunker ‘C’ fuel oil, comprises Babcock Y-jet 
steam atomizers, Duplex pumping and _ heating 
unit, and the complete oil-fuel handling 
installation including oil-transfer pumps and 
service tanks etc. 


A repeat order covering similar boiler plant 
for a first extension to the station has sub- 
sequently been received from the Sudan Light 
& Power Co. Ltd., to whose order the whole 
of the first installation also was supplied. 


BABCOCK & WILCOX LTD. 


BABCOCK HOUSE, 209 EUSTON ROAD, LONDON, N.W.1 
SUDAN: SAYER & COLLEY LTD., P.O. BOX 807, KHARTOUM 
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The sixteen members of the Cable Makers 
Association spent over one million pounds 
sterling last year on research and development. 
Part of this great effort is the continual 
testing—such as is carried out on this surge 
generator—which is the users’ safeguard 
against technical failures and guarantee 

that the cables they buy are as reliable and 
efficient as care and craftsmanship can make 
them. In its 58 years of existence, the 

C.M.A. has been associated with virtually 
every major advance in cable manufacture. 

It has played a leading part in putting the 
British cable industry where it is today— 

at the head of the world’s cable exporters. 


The Roman Warrior and the letters ‘C.M.A.’ are 
British Registered Certification Trade Marks 


MEMBERS OF THE C.M.A. 


British Insulated Callender’s Cables Ltd * Connollys (Blackley) Ltd - 
Crompton Parkinson Ltd * The Edison Swan Electric Co. Ltd * Enfield 
Cables Ltd * W. T. Glover & Co. Ltd * Greengate & Irwell Rubber Co. Ltd° 
W. T. Henley’s Telegraph Works Co. Ltd ‘ Johnson & Phillips Ltd * The 
Liverpool Electric Cable Co. Ltd * Metropolitan Electric Cable & Con- 
struction Co. Ltd - Pirelli-General Cable Works Ltd. (The General 
Electric Co. Ltd.) * St. Helens Cable & Rubber Co. Ltd ‘Siemens Brothers 
& Co. Ltd. * Standard Telephones & Cables Ltd - The Telegraph 
Construction and Maintenance Co. Ltd. 


Insist on a cable with the CMA label 


CABLE MAKERS ASSOCIATION, 52-54 High Holborn, 


London, W.C.1. 


Telephone: Holborn 
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SERCK PRODUCES FOR EVERY INDUSTRY 


_ SERCK OIL COOLERS installed 
at a large Power Station 


LERS 


OR LAND TURBINE INSTALLATIONS 


SERCK RADIATORS LTD | Birmingham 11 


One of a number of germanium rectifier 


sets 


Leicester works having an output of 


7,500 amps 80 volts or 600 kilowatts. 


recently manufactured in our 


Write for details to:—- 


Always in the lead... 


Germanium heavy duty rectifier sets 
under construction at Davensel 
Electrical Works, Leicester 


GERMANIUM 


junction rectifier cells 


PARTRIDGE WILSON & COMPANY LIMITED 


DAVENSET ELECTRICAL WORKS 


LEICESTER ) 


In the quota of things given to every man, eyes are perhaps the 
highest in the list of importance. One pair for seeing, playing, working, 
surviving ....a heavy task for such delicately balanced instruments. 
In a life span of seventy years the eyes are called upon to perform 
many tasks, some of which can be classified as severe. Mechanically, 
industry demands a similar service. In many cases it requires equipment 
capable of constant controlled operation under extreme conditions. For 
instance, Dewhurst & Partner are very often called upon to solve 
complex problems which demand the use of Severe Duty Control 
equipment. Only by close co-operation with the user and constant 
research into the features necessary to achieve the maximum 
efficiency, has this been achieved. Dewhurst Severe Duty Control 
equipment with Magnetically Operated Contactors are legendary for 
their consistent efficiency and reliability, and the wide experience gained by 
Dewhurst & Partner during many years of service to industry can be placed at the 


disposal of users faced with the problems of positive control of heavy duty plant. 


DEWHURST & 
INVERNESS WORKS : HOUNSLOW : 
Telephone: Hounslow 0083 (8 lines) 


MIDDLESEX 


Telegrams: Dewhurst, Hounslow 


PARTNER LIMITED 


and at BIRMINGHAM - GLASGOW - GLOUCESTER - LEEDS - MANCHESTER - NEWCASTLE - NOTTINGHAM 
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UNIT TYPE “Y” INDUSTRIAL - 


SWITCHGEAR 
_. (METALCLAD) 


FOR INDOOR OR 
- OUTDOOR SERVICE 
ANYWHERE 


Indoor totally enclosed unit construction type 
; “Y switchboard with incoming duplicate 
busbars feeding common outgoing circuits 
by means of interlocked fused switches of 
both 300 amp and 500 amp capacity. Duplicate 
busbars are directly connected at the rear to 
the incoming supply. Current Transformers are 
: mounted in each outgoing chamber, and outgoing cables 
are from the back. 


Supplied to Courtaulds Ltd. 


ELECTRO MECHANICAL MEG. CO. LTD. 


Head Office and Works: Marlborough St. SCARBOROUGH 


London Office and Showroom: 133-135 Grand Buildings, Trafalgar Square, LONDON W.C.2 
Associated with Yorkshire Switchgear and Eng. Co. Ltd. 


padi 


No ceramic product has to meet a more 
exacting technical specification or 
undergo more severe tests than the 
porcelain insulator. From the preparation 
of the raw materials and through all the 
other stages of production—shaping, 
glazing, firing, grinding, inspecting, testing, 
assembling — traditional craftsmanship 
combines with modern skills to ensure the 
integrity of the product, so vital for the 
uninterrupted conveyance of electricity 
from our great power stations. 


Address enquiries to Dept. HA. 


LS Se ES Se so 


DOULTON INDUSTRIAL 
PORCELAINS LIMITED 


WILNECOTE, TAMWORTH, STAFFS. 


F5112 


Switchgear specialists 
with a worldwide 
reputation 


Manufacturers - of : 


AIR-BLAST SWITCHGEAR 


SMALL-OIL-VOLUME SWITCHGEAR 
OIL-BREAK SWITCHGEAR 
AIR-BREAK SWITCHGEAR 
FLAMEPROOF SWITCHGEAR 
DISTRIBUTION SWITCHGEAR 
CONTROL EQUIPMENT 
PROTECTIVE GEAR 

A.C. COMMUTATOR MOTORS 
ARC-WELDING EQUIPMENT 


ELECTRICAL ACCESSORIES 


Reyrolie 


HHEBBURN ° COUNTY DURHAM 


ENGLAND 
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Many cables are made 
to specification but it is 
by their attention to the 


unspecified details that 
Aberdare’s reputation 
has been built. 


Aberdare Cables 


Paper insulated cables up to 33kV, to BSS or special requirements. 


ABERDARE CABLES LIMITED 
ABERDARE +» GLAMORGAN + SOUTH WALES 


London Office: NINETEEN WOBURN PLACE, W.C.1 


Aberdare Cables are represented in over 40 different territories 
Names and addresses of agents sent on application. 
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STERLING PAINTS FOR 
FLOOD PAINTING 
TRANSFORMERS 


Photo reproduced by court- 
esy of Messrs. Ferranti Ltd, 


Use STERLING PAINTS for flood paint- 
ing transformer tanks, and you can— 


%* Cut labour costs by 50% 
%* Cut paint consumption by 25% 
* Get protection where it is needed 


Requests for further information will be 
welcomed. 


MADE BY 


MISTS 


Sterlim 


INSULATING VARNISHES 


SPECIAL PAINTS 


SERVICED BY ENGINEERS 


THE STERLING VARNISH CO. LTD. 


Fraser Road, Trafford Park, Manchester 17 
Telephone Trafford Park 0282 (4 lines) Telegrams ‘DIELECTRIC MANCHESTER’ 
London Office & Warehouse: 6, London Rd., Brentford, Middx. Tel: EALING 9152 
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 ~HEENAN 


ai 


CLOSED CIRCUIT 


aie 
COOLERS 


Lengthy experience in practical design 
Wide variety of ducting and damper layouts 
Highly efficient cooling surfaces 
Heavy and robust construction 
Special attention to ease of access and maintenance 


HEENAN & FROUDE LIMITED © WORCESTER e® ENGLAND 
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Turbine Lubricating 
Oil Purification 


at GRUDIE BRIDGE 


POWER STATION 


Water and solids are removed from the 
lubricating oil of the two Bruce Peebles 
: alternators, which are driven by 
Harland Water Turbines, at Grudie 
Bridge Power Station by this Portable 
De Laval Centrifugal Oil Purifying 
i Equipment. This equipment is fitted 
with the De Laval High Constant 


Photo Courtesy, North of Scotland Hydro-Electric Board. _ 


: Efficiency Disc Type Bowl which ensures POWER 
that the lubricating oil is maintained A AL STATION 
in perfect condition. 
| 2 EQUIPMENT 


shies OIL EQUIPMENT DIVISION 


ALFA-LAVAL CO. LTD: GREAT WEST ROAD -: BRENTFORD : MIDDX 
Telephone: EALing 0116 


are 


Smee's D.L.327 


for ALTERNATORS GENERATORS TRANSFORMER: 
gee * VALVES and RECTIFIER: 


Over many years the company’s Technician 
have progressively developed special coolin 
equipment in conjunction with Alternate 
Motor and Transformer Manufacturers. 


The extensive knowledge gained thereb 
ensures the successful solution of all coolin 
problems. 


For most installations either water-cooled ¢ 
air-cooled equipment is used, the usuz 
Alternator or Motor Cooler is water-coolec 
whilst for Transformer Cooling both wate 
and air-cooled designs are in common use. 


Each installation receives individual attentior 
and is designed to meet with requirement 
peculiar to the particular design and condition: 


Other products include Unit Heaters, A: 
Heaters, Diesel Engine Coolers. 


Closed circuit Spiral Tube Air Coolers fitted to Alternators manufactured by the 


Lancashire Dynamo & Crypto Ltd., installed at the East Greenwich Power 5 
House of the S.E. Gas Board. Industries Fair. 


See our Stand No. 710 at the Britis 


THE SPIRAL TUBE & COMPONENTS CO. LTD., OSMASTON PARK ROAD, DERBY. TELEPHONE: DERBY 48761 (3 line: 
—_——_—————— London Office and Works: Honeypot Lane, Stanmore, Middlesex. Tel: Edgware 4658/9 
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Q new, important 
source of supply 


For well over half a century S.T.C. have been making 
transformers, but this production has been used exclusively 
in the great variety of telecommunications and power 
equipment manufactured by the Company. 


Now S.T.C. design, development and manufacturing 
resources are available generally to industry. Present 
transformer ranges extend to 50 kVA—soon to be extended. 


S.T.C. high-quality transformers cover single phase 
and three phase types and include 
Core, Shell, Potted, C-core and 
Hermetically Sealed construction. 


_ Write for leaflets F/TRL.55 to 61. 


FOR THE FINEST “9 TRANSFORMERS 
YOU CAN NOW SPECIFY Sfondard 


Srandard Telephones and Cables Limited 


Registered Office : Connaught House, Aldwych, London, W.C.2 
RECTIFIER DIVISION: EDINBURGH WAY - HARLOW - ESSEX 
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-CONTACTORS 


Beir 
sind 


a 


contactors on the market 


capacity. Coils and contacts changed in a 


wattage consumption. C.S.A. approved. 
Conforms with American N.E.M.A. | 
specification. Comprehensive spares 
facilities in U.S.A. and Canada. Three sizes— 
be WES 30, 50 and 100 amps. at 550 volts A/C. 


This illustration 
* shows an Arrow 
30 amp Contactor 

actual size. —~ 
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ARROW ELEGTRIG SWITCHES LTD - HANGER LANE - LONDON - W.5. 
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~ DONOVAN eese-surro stations 


HEAVY 
DUTY 
PUSH- 
BUTTON 
STATIONS 


ORDINARY 
DUTY 
PUSH- 
BUTTON 
STATIONS 


2-Button ordinary duty 
Push-button Station, sur- 
face-mounting type. 


A selection from a large range of Surface, Flush, Splas 
; : ; , Splash proof and Pendant Model L 
Units available in ordinary and heavy duty models. Every unit is checked for circuit befare despa 
THE DONOVAN ELECTRICAL CO LTD : 
LONDON DEPOT: 149-151, YORK WAY, v7 Pees. eS eae ee a ee A 
: iS » 0.2 


Sales Engi H . Paes 
gineers available in London, Birmingham, Manchester, Glasgow, Belfast, Bournemouth 


a) F 


The smallest panel-mounting. 


matter of seconds. Exceptionally low _ 


if Big saving in weight and size. 
Complies with B.S.S. 775 for breaking — 


< 
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40:5 MVA, 11 kV/36 kV generator- 
transformers at the Huncoat power 


station, Accrington. 
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One of the GS ale 


“K” Series of Meters 


TYPE 
| KTAC 
3 PHASE 
3 WIRE ~ 
PRECISION 
PATTERN 
with “FLICK” 
CONTACTOR 


Please apply to us 
for appropriate 
Catalogue Sec- 
tions covering the 
“K” series of 
meters. 


CO IITTITITIZIZ!.MIIITITITIIZ 


Chamberlain & Hookham Ltd. 


SOLAR WORKS, BIRMINGHAM 5. Telephone: Midland 0661 & 0662 


London Office: Magnet House, Kingsway, W.C.2 Telephone. Temple Bar 8000 


ZENITH 


(REGD. TRADE-MARK) 


TUBULAR SLIDING 
RESISTANCES 


Zenith _ Resistances 
of proved durability 
are in constant satis- 


factory use in all 
parts of the world. 
They are available in 
a great variety of 
types and sizes, and 
are ideal for use in 
laboratories and test 
rooms, 


Illustrated catalogue of all 
types free on request 


The ZENITH ELECTRIC CO. Ltd. 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 


Telephone; WILlesden 6581-5 Telegrams : Voltaohm, Norphone, London 
MANUFACTURERS OF ELECTRICAL ENGINEERING PRODUCTS 
INCLUDING RADIO AND TELEVISION COMPONENTS 

i 
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WRITE FOR BOOKLET ON THIS SUBJECT | 


W.T.GLOVER £ CO.LTD. 


Mens ” cme 
TRAFFORD PARK MANCHESTER 17 
! 


TRAFFORD PARK 214 


COLD FILTRATION! 


The Metafilter thoroughly dries and purifies Transformer + 
and Switch oils IN ONE OPERATION giving MAXIMUM BREAK-» 
DOWN VOLTAGES. Simple to operate. No heating. No fire risk. | 
Weatherproof. Mobile or stationary. Used by leading Electricity / 
undertakings throughout the world. Capacities from 50 to 1000 
gallons per hour. Operates on Load. 


A TYPICAL 


METAFILTER 


INSTALLATION 


THE METAFILTRATION CO. LIMITED 
BELGRAVE ROAD, HOUNSLOW, MIDDX. 
Phone Hounslow [121 /2/3 Grams Metafilter Hounslow 
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-E LAIN 
LATION 


220 kV. Pressure Type Cable Sealing Ends 
pPeonnor Anis T.T. porcelains installed at 
the Fontenay Research Station of 
| Electricité de France 1948. 

Hydraulic routine test: 500 Ib/sq. in. 
applied internally. 

Contractors: British Insulated Callenders 
Cables Ltd.,.and Enfield Cable Co. Ltd. 


R TUNNICLIFF @O0uF- 
ORCELAIN INSULATORS 


53 ve 


TAYLOR TUNNICLIFF & CO. LTD., Head Office: EASTWOOD « HANLEY « STOKE-ON-TRENT « STAFFORDSHIRE 
Telephone: Stoke-on-Trent 25272-5. ° London Office: 125 HIGH HOLBORN, W.C.1. Telephone: Holborn 1951-2 
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CONDI TBS 


If it’s a big job, you can be pretty sure that 
METALLIC have had something to do with 
it. Their conduit and fittings are chosen 
repeatedly by electrical engineers and 
contractors who know the long-lasting 

| properties of METALLIC tubes, and 
the reliability of METALLIC fittings. 
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THE METALLIC SEAMLESS TUBE CO., LTD., LUDGATE HILL, BIRMINGHAM 3 


AND AT LONDON, NEWCASTLE-ON-TYNE, LEEDS, SWANSEA & GLASGOW 


See our exhibits:—STAND 72, RECMF 
Exhibition, and STAND 201, Instruments 
Electronics and Automation Exhibition 


and the Carpenter Polarized Relay 


Widespread use has been found for the Carpenter Polarized ments with you. But, in any case, write or "phone for our 
Relay in Electronic circuits of Industrial and Aircraft Brochure F.3516 “‘ Applications of the Carpenter Polarized 
equipment. Relay ”’. 
Its ability to respond to weak, ill-defined, short-duration 


impulses of varying polarity, and its close operate/release 


differential has solved many problems of control, ampli- 


fication, impulse repetition and high-speed switching. Type 5 Suppressed 
Carpenter Polarized 


Therefore, if you have a problem which you think could best Relay 


be solved by a polarized relay—consult us; our team of 


Engineers will be only too happy to discuss your require- 


Manufactured by the Sole Licensees: 


TELEPHONE MANUFACTURING CO. LTD ( ( 


Contractors to the Government of the British Commonwealth & other Nations 


Thane wnet 


HOLLINGSWORTH WORKS °* DULWICH LONDON S.E.21 TEL. GIPSY HILL 2211 
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In the Moducnon of these feiicred paronde and foe potting transformers, id 


South Wales Switchgear Ltd. use ‘Araldite’ casting resins. For every branch of 


electrical engineering, ‘Araldite’ offers advantages which make it invaluable. 


These include remarkable adhesion to metals and ceramics, excellent electrical 


properties, stability and resistance to moisture. The two units illustrated 


are an insulated shroud for a 33kV switchgear earthing device and a 


3-phase voltage transformer, ratio 6600/110V, 200VA. 


#« AS Ee 


‘Araldite’ epoxy resins have a remarkable range of 
characteristics and uses: 


They are used 

* for bonding metals, porcelain, glass, etc. 

* for casting high grade solid insulation 

* for impregnating, potting or sealing electrical 
windings and components 

* for producing glass fibre laminates 

* for producing patterns, models, jigs and tools 

* as fillers for sheet metal work 


* as protective coatings for metal, wood and 
ceramic surfaces 


‘Araldite’ epoxy resins 


* Araldite’ is a registered trade name 


Aero Research Limited A Ciba Company. Duxford, Cambridge. Tel: Sawston 212 


AP, 264- 233 
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‘BOLTON’S TINNED PHOSPHOR BRONZE | 
STRIP SPECIAL TEMPER | 

lis X 0.009" 


Established 1783 


For further details regarding 
Bolton’s Phosphor Bronze | 
please write for Publication | 
No.  107/R2  ‘“‘Phosphor — 
Bronze’. 


. 186 TONS USED ON THE BICC 138 kV 
‘VANCOUVER SUBMARINE POWER CABLE 


The Vancouver Power Cable was manufactured by the BICC Group, and the 
illustration shows the first layer of Phosphor Bronze Strip being applied to 
the Cable. 

Bolton’s manufacture copper and copper-base alloys in the form of wire, 


strip, sheet, plates, rods, sections, forged and machined parts, tubes and 
commutator segments, etc. 


THOMAS BOLTON & SONS LTD. 


HEAD OFFICE: Mersey Copper Works, Widnes, Lancashire. Widnes 2022. Grams: “Rolls, Widnes.”’ 
LONDON OFFICE & EXPORT SALES DEPT.: 168 Regent Street, W.1 Tel.: Regent 6427. Grams: 
“Wiredrawn Piccy London” 


WORKS: Lancashire: Widnes and St. Helens. . 
Staffordshire: Froghall and Oakamoor, Near Stoke-on-Trent. : RN 


CVS—432 


(MW lie ade S Oe ee RS Re a! SNe IN: : a Ss > = 


es 
= 

x 
x 

(= 
> ie 


Se ee : es ab Sr E i ( xxvii ) LEE, PROCEEDINGS, PART A—ADVERTISEMENTS 
orc, | INDEX OF ADVERTISERS 


| | Firm aes page Firm page 
Aberdare Cables Ltd. “xvi Metafiltration Ltd. XXii 
Aero Research Ltd. XXV Metallic Seamless Tube Co. Ltd. XXiV 
Alfa-Laval Co. Ltd. xviii | | M. and C. Switchgear Ltd. vi 
Arrow Electric Switches Ltd. x Mitchell Engineering Ltd. Vv 
BRabcock & Wilcox Ltd. me ot. 
British Thomson-Houston Co. Ltd. viii | anil We eg SoU OES a 
‘Cable Makers Association x Partridge Nisan ee CO, ed a 
Chamberlain & Hookham Ltd. ii : ce 
a abe ie Record Electrical Co. Ltd. XXVill 
Dewhurst & Partner Ltd. . xii Reyrolle & Co. Ltd. ee | 
Donovan Electrical Co. Ltd. ae Richard Thomas & Baldwins Ltd. — /  XXVil 
Doulton Industrial Porcelains Ltd. xiv 1 . , 
( : Serck Radiators Ltd. xi 
Electro Mechanical Manufacturing Co. Ltd. xiv Spiral Tube Co. Ltd. at. 
oe Standard Telephones & Cables Ltd. XIX 
Ferranti Ltd. Xili Sterling Varnish Co. Ltd. 4 \ XVi 
s Sturtevant Engineering Co. Ltd. i 
General Electric Co. Ltd. XX1 
General Electric Co. Telecommunications Vil Taylor Tunnicliff & Co. Ltd. XXxili 
W. T. Glover & Co. Ltd: XXil Telephone Manufacturing Co. Ltd. XXiV 
: Thomas Bolton & Sons Ltd. XXIV 
Hackbridge & Hewittic Electric Co. Ltd. iv ; 
Heenan & Froude Ltd. XVii G. and J. Weir Ltd. il 
AS 
International Combustion Ltd. IBC Zenith Electric Co. Ltd. Xxii 


hot rolled and cold-reduced elec- 
trical sheet and strip, and hot 
rolled transformer sheet 


ALPHASIL 


cold-reduced oriented electrical 
sheet and strip 


| Magnet wheel of a G.E.C. 62,500 kVA hydro- 
alternator for Aura Kraftanlegg, Norway. 
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RICHARD THOMAS & BALDWINS LTD 
LAMINATION WORKS: COOKLEY WORKS, BRIERLEY HILL, STAFFS. 


- MIDLAND SECTION OFFICE: WILDEN, STOURPORT-ON-SEVERN, WORCS. 
HEAD OFFICE: 47 PARK STREET, LONDON, W.|! 


Our Cookley Works is one of the largest in Europe specializing in the manufacture of laminations for the electrical industry. 
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GRAPHIC RECORDING 
INSTRUMENTS 


are the fastest and most sensitive direct 
writing Recorders available to-day. 
Suitable for switchboard mounting or 
portable work. Also available in 
special forms for telecommunication and 
electronic service. 


PORTABLE GRAPHIC RECORDER 
WITH CLIP-ON TRANSFORMER 


provides 7 current ranges up 
to 600A and 3 voltage ranges 
up to 600V A.C. 


Send for leaflets J/a and J/b. 


“CIRSCALE’” INDICATING 
INSTRUMENTS 


are available in a wide variety of types 
and sizes to cover all A.C. and D.C. 
requirements. Special patterns available 
for marine, traction and other 
arduous duties. Illustration shows a 
hermetically sealed instrument 
vee / constructed to withstand stringent climatic 
girs hd conditions and damaging chemical fumes. 


Send for Catalogue Sections A and G 


* “Cirscale” is a Registered Trade Name 


SWITCHBOARD AND PORTABLE AMMETERS AND VOLT- 
METERS; WATTMETERS, FREQUENCY METERS, POWER 


FACTOR METERS, SYNCHROSCOPES; TACHOMETERS, 
SPEEDOMETERS, INSULATION AND RESISTANCE TESTERS; 
GRAPHIC RECORDING INSTRUMENTS, PROTECTIVE RELA YS, 


REMOTE INDICATORS; INSTRUMENT TRANSFORMERS AND COM PA id Y LI M ITE D 


SHUNTS. “SHIRLEY MOISTURE METERS A ND 


STATIG ELIMINATORS, BROADHEATH « ALTRINCHAM « CHESHIRE 


eR ot wa 


8113-1 


The Institution is not, as a body, 


an responsible for the opinions expressed by individual authors or speakers. 
_ An example of the preferred form of bibliographical references will be found beneath the list of contents. 
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4 A SELF-OSCILLATING INDUCTION MOTOR FOR SHUTTLE PROPULSION 


q By E. R. LAITHWAITE, M.Sc., Associate Member, and P. J. LAWRENSON, B.Sc., Student. 


UTILIZATION GrouP 19th February, 1957.) 


SUMMARY 


_ An induction motor can be constructed in such a way as to produce 
a magnetic field travelling in a straight line. Such a device can be used 
to propel a shuttle across a loom. A stator arrangement is described 
by which the shuttle can be caused to oscillate without the use of 
Switches. With suitable design there is an inherently stable condition. 
Expressions are derived for the amplitude and period of this oscillation, 
for an unloaded motor, and for a motor operating against a constant 
load force. These are used to derive theoretical curves and phase- 
plane diagrams which are compared with those obtained in practice. 
Proposed practical schemes are discussed. 
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LIST OF PRINCIPAL SYMBOLS 
v, = Synchronous speed. 
p = Pole pitch. 
4 f = Stator supply frequency. 
x, and x2 = Distances of “rotor” from centre of oscillation. 
v, and v2 = Particular velocities attained. te 
ee v = Velocity at any position. 
R = Rotor resistance. 
X = Rotor leakage reactance. 
n= R/X. 
a, = Maximum motor acceleration. 
o = Fractional slip. 
a = “Rotor” acceleration. 
a’ = “‘Rotor”’ deceleration. 
5, = Distance travelled during acceleration. 
S_ = Distance travelled during deceleration. 
v’ = Velocity at centre for stable oscillation. 
“t, and t2 = Time periods corresponding to s; and 5, respectively. 
; B = Loading factor. 


> (1) INTRODUCTION 

If the stator of a conventional induction motor could be cut 
open along one side and unrolled, as shown in Fig. 1, the arrange- 
ment of the stator windings remaining otherwise unaltered, the 
resulting stator would produce a travelling magnetic field, instead 


Mr. Laithwaite and Mr. Lawrence are in the Electrical Engineering Department, 
University of Manchester. 
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(The paper was first received 22nd July, and in revised form 27th October, 1955. It was published in February, 1956, and was read before 
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of the rotating field of the original machine. The speed of the 


field v, would be given by 
v, = 2pf 


where p is the pole pitch and f the frequency of the stator supply. 

If electrically conducting material were placed in such a field it 
would be accelerated towards the speed v, and the arrangement 
could be said to constitute a “‘linear’’ induction motor. 

In recent years such devices have been used for accelerating 
aircraft on take-off! and for pumping liquid metal.2 It has also 
been proposed to use the linear motor for propelling a shuttle 
across a loom.3:4 Such a system would clearly utilize one of 
the inherent advantages of an induction motor, that of requiring 
no connections to the moving part. 


(2) SHUTTLE PROPULSION 


in the earliest form of hand-loom the shuttle carrying the weft 
was pushed from side to side through the shed formed by the warp 
threads. The invention of the “flying shuttle’ introduced the 
idea of striking the shuttle at each side of the loom in turn. In 
this case the shuttle is given a high acceleration over a short 
distance. During this operation enough energy is imparted to 
it to carry it through the shed against the friction of the warp 
threads, so that it arrives at the other side before a certain specified 
time. One such traverse of the shed is called a “pick.” In 
order to guarantee the arrival of the shuttle, which must inevitably 
work against a load which varies as between one pick and the 
next, it is necessary to begin with far more energy than is needed 
to overcome friction. This means that the shuttle emerges with 
considerable velocity and has to be brought to rest in a short 
distance. 

The disadvantages of this system are as follows: 

(a) The spool of weft being carried by the shuttle breaks up if 
subjected to too high an acceleration. This sets an upper limit to 
the weaving speed for a given type of spool. 

(b) The wear of parts because of the impulsive nature of the drive 
and stop is considerable. = 

(c) If the shuttle is improperly struck it may fail to enter the shed. 
An alternative method of propulsion consists in having a 

cylinder at each side of the loom from which the shuttle is 
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Fig. 1.—Development of a travelling magnetic field. 


expelled by compressed air. By this method acceleration and 
deceleration can be effected over a rather greater distance, but 
higher accuracy in directing the shuttle is demanded than in the 
mechanical-impulse method, because the shuttle must enter each 
cylinder properly at the end of its travel and, by the very nature 
of the system, the shuttle must fit fairly closely into the cylinder. 

The use of induction-motor propulsion is an attempt to obtain 
three advantages: first, continuous acceleration and deceleration 
of the shuttle over the entire length of its travel, thus reducing 
accelerations to a relatively low value; secondly, very little 
wearing of parts; and thirdly, at the start of the travel the 
shuttle is travelling at its slowest and is not likely to cause much 
damage if it fails to enter the shed. 

In the reference already mentioned? the reversal of the direction 
of motion of the shuttle was effected by reversing two phases of 
the supply to the stator at the appropriate time. This appears to 
impose a serious limitation on the device, since the switching 
arrangement is called upon to perform between 100 and 200 
operations per minute continuously. It must also be borne in 
mind that, since the “‘rotor’’ of the motor—in this case the shuttle 
—only occupies a small fraction of the stator, the stator current 
will be mainly magnetizing and heavily lagging. 

The present paper describes a method of connection of the 
stator coils so that a continuous oscillation of stable amplitude is 
possible without any switching whatsoever. 


(3) METHOD OF OBTAINING SELF-OSCILLATION 

The stator windings may be arranged in two halves as shown 
in Fig. 2, so that the travelling field produced by each half is 
directed towards the centre of the stator. For the motor to 
oscillate with a stable amplitude, it is necessary for it to have a 
speed/force characteristic of the form shown in Fig. 3; i.e. the 
leakage-reactance/resistance ratio should be such as to produce 
a maximum in the force at a speed greater than zero. 


Fig. 2.—Arrangement of the travelling fields. 
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0 
Speed 
Fig. 3.—Speed/force characteristic of the motor. 


LAITHWAITE AND LAWRENSON: A SELF-OSCILLATING 


Suppose the “‘rotor”’ to be at rest at position A, Fig. 2, distance | 
x, from the centre. During its acceleration time from A to the 
centre it will be operating on the part ap, say, of the speed/force } 
characteristic, as shown in Fig. 3. It will therefore have attained | 
a speed v before it crosses the centre line. On entering the 
reverse field, it is immediately operating at point g on the charac- 
teristic and will be brought to rest by operation along the portion 
ga. Since its decelerating force is always less than its accelerating 
force, it will come to rest at a point B (Fig. 2) such that x2 > x). 

Thus, each successive run will produce a rest position further 
from the centre until some point is reached where the rotor 
attains a speed very close to the synchronous speed ¥,, beyond |} 
which no further increase in amplitude can result. The rotor will |} 
now oscillate with stable amplitude. The action can be sum- |f 
marized by a diagram such as Fig. 4, in which the left-hand half ' 
of Fig. 3 is drawn as a mirror image about the vertical axis. 


Change-over 
Jf point 


Force 


0 Speed 


Fig. 4.—Cycle of operation for a stable amplitude on no-load. 


So far, it has been assumed that (a) the characteristics of the: ] 
motor under the transient conditions required for this type of 
operation are essentially of the same form as the steady-state sf 
characteristics, (6) the characteristics of a motor of the form 
described with a short rotor inside a long stator are of similar | 
form to those for a conventional induction motor, and (c) the} 
motor is operating on no-load. 


(3.1) Oscillation of a Loaded Motor 


The characteristic of the load against which a shuttle operates } 
is almost certainly non-linear and is probably variable as between || 
one pick and the next. In order to form some idea of the be--# 
haviour of the linear induction motor under working conditions, |} 
it is assumed that the load consists of a constant force at all lf 
speeds whose direction is opposite to the velocity. Thus, if the 
speed/force characteristic of the motor is of the form shown by 
the continuous lines of Fig. 5(a), on the acceleration portion ofiff 
the curve the load force must be subtracted from the motor} 
characteristic, yielding a net accelerating force/speed curve shown} 
(broken) at AB. During deceleration the corresponding curve} 
will be shown at CD, obtained by adding the load force to the ‘ify 
motor braking force. i 

The resulting operating characteristic is shown in Fig. 5(0), jj 
from which the general behaviour of the system may be predicted iif 
as follows: If the rotor starts from rest a distance from the centre) 


value than the corresponding acceleration. However, if the rotori 
starts from rest at a greater distance from the centre than the one# 
above, it will reach a velocity v>, greater than Y- I 
be a value of v2 above which build-up of oscillation, as described} 
in the unloaded case, will occur, culminating in a stable cyclesyi 
of operations as shown by the arrows in Fig. 5(b). This valued} 
of v2 wili always be obtainable provided that the load force iss 


not a large proportion of the total available accelerating force of if 
the machine. 
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Fig. 5.—Operation against a load. 


(a) Resultant force/speed characteristics with a constant friction load. 
(6) Cycle of operation for a stable amplitude. 


(4) APPLICATION TO WEAVING 


The linear motor operating without switches in the manner 
described will set up its own amplitude and frequency of oscilla- 
tion. The requirements of the loom are that the amplitude of 
oscillation of the shuttle shall be somewhat greater than the width 
of the finished cloth; that the shuttle shall be outside the shed 
whilst various other functions are performed, principally heald 
changing and beat-up; and that the frequency shall be that 
required to give the desired weaving speed. 

This type of shuttle propulsion therefore makes a demand upon 
the design of a loom to the extent that the shuttle shall be the 
mechanism from which all other functions are timed. Before 
the device can be applied to a loom, however, it must be modified 
to ensure that the amplitude of oscillation is not dependent on 
the possible changes in load. It is therefore necessary to investi- 
gate the variation of the stable amplitude with load. 

The quantities which will affect the amplitude and frequency 
are the R/X ratio of the motor, the maximum accelerating force 
available, the synchronous speed of the field, and the magnitude 
of the load force. 

Accordingly it was decided to carry out a more detailed 
investigation of the nature of the oscillations. The prime points 
of interest were, first, the ability of the designer to fix the ampli- 
tude and period of the oscillation by suitable choice of values 
of v, and R/X; secondly, that it might be possible to obtain fine 
control of amplitude by varying the supply voltage, so that in 
the weaving of a thicker cloth where the average load force 
would be higher, the supply voltage could be adjusted to give 
the required stable amplitude; and thirdly, to investigate the 
effect of load upon the stable amplitude and frequency as men- 


tioned earlier. 


(5) THEORETICAL INVESTIGATIONS 
Since the transient behaviour of induction motors is extremely 
complex, and since the period of the proposed oscillation is 
very long compared with that of a normal a.c. supply, it was 
decided to begin the investigation by considering the motor 
fo be working under steady-state conditions at all times. This 


being so, it is possible to use the simple steady-state formula 
for the speed/force characteristic and to compare the results 
with those obtained in practice. 
The formula for the acceleration produced by the induction 
motor at speed v is therefore assumed to be 
By) 
Gor 


(1) 


where a» is the maximum acceleration, n is the R/X ratio and o 
is the fractional slip, equal to (1 — v/v,). 


(5.1) No-Load Running 


Eqn. (1) refers to the accelerating part of the cycle shown in 
Fig. 4. The decelerating portion is given by the equation 


ete n(2 — 0) 
a 207 E ae Q ay = 


Thus, for the cross-over point beyond which stable running 
occurs, a = a’, whence 


g=1— vl — nd ore =va/[1— (2) | ue (3) 


During acceleration, the distance travelled, s,, is given by 


(2) 


v 


=| te a 
0 


where v’ is the velocity attained at the centre. For the distance, 


$2, traversed during deceleration 
0 


aa- | 3a ee ee 5) 


Pe 
Stable running will occur when s,; = 5. 
Evaluation of s, and sz from eqns. (4) and (5) using the expres- 
sions for a and a’ from eqns. (1) and (2) yields the equation for 
v’ as follows: 


1 A 3 , / 
=(5) a 3(=) = 3 are tanh (-) et: aye) 
n2\v, v, v; 
Fig. 6 shows a graph of v’/v, plotted, against 1, and it can be 


seen that for R/X < 1/2 synchronous speed is almost attained 
at the centre point for stable running. 


10 


0 
0 R/X 0 


Fig. 6.—Speed at centre as a function of R/X [from eqn. (6)]. 


The total amplitude (s, + s2) evaluated from eqns. (4) and (5) 


is given by 
v2 flv’? a 
a os =H frees 
2 24, tr ©} Bee | G 
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Direct substitution from eqn. (6) is not possible, but eqn. (6) a,,[B, so that for the accelerating portion of the movement we} 
can be used to reduce the expression for (s,; + 52) to a form in can write 


which approximation can be used. Thus, the stable amplitude wien ( a it ) 3 ad ) 
can be shown to be m\n2 +02 28 : sai 
v2 {1 v’,2 v' 2 pv's3 Ey df ; ; H | 

me JES aS ‘Ss ee (Ee oy (ee and for the decelerating portion, 
t= Ht) anioe|1+(2) | +5.) 2G, | 
m Ss 2 Fr, It 

Re te a! = 2ay) ee ee | . . Oi 


2 Bape 
and for R/X < 1/2 we can write v’/v, = 1 and eqn. (7) becomes Ww +42.—=@6F 26 


1-67 With the same technique as before, the expressions for s; and | 
) S2 can be shown to be 


a 


Of the two terms 1-67/n and 0-614n, the second is clearly much 
smaller than the first, since n < 1/2 and we may write 


ay ee Fa ene SE) = P| 2Ba(Z) - x(z) + rom 


The time occupied during acceleration, ¢,, is given by 


: ©) 
Ben MN en Rs a) (fF ies] aS ener 
a vos pe ie 
i) 
and similarly the time, t,, for deceleration is given by 


0 
iy Be — Pr — np,) log Sool -) | 
ty — —_ a 5 4 . . . . ( ) ¢! SSN f! 
(— mp), 


v 


Thus, the total time (¢, + t)) can be shown to be 


nina [2(Z) + mtoe es) 


vB 
cay ee: n= Z| —2o(E) +30) tas 
Again using eqn. (6), this equation can be reduced to (pF P3) 


-£[p+DE) +H) ] - a @) 


and for R/X < 1/2, we can write v’/v, = 1 and (1 =e 8 | Lae mere: 


pee 


v 8 bags 
t + =5*(5- + 2) 


Again assuming 2n < 8/3n, which is true for n < 1/2, we can — p3(1 — np) log & =) | 
it 

write ae tae ea 

Poel Ty eee Wee ty, Sg EO) 

Cen Sa 


Thus, the average speed of the rotor, end to end, is seen to be where p, = B + »/(f? — 1) 


given by 
st 5 13) and Po = — BVP —1) 
ty ib © Bs i : Similarly the times ¢, and ¢, can be calculated, giving 


This may be an interesting design feature, since, if true in practice, 

it would imply that for a given width of loom, the weaving speed 

is simply set by v,—i.e. by the pole pitch—for a given frequency, vB v! 2Bn 

and is independent of a,, and R/X provided that the latter is oo Pig e 

less than 1/2. 
It remains to be investigated, using the simple steady-state 

theory, whether load conditions differ to any great extent from 

the no-load conditions. (-) v’ 


(5.2) Running on Load (1 =e ~ d=np) 
When running on load, the load will be represented as a fraction 
of the maximum accelerating force, producing deceleration (184) 


a 
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Fig. 7.—Velocity/distance relationships for varying loads. 


(a) No load (8 = ©). 
(6b) B = 10. 
(c) B= 8. 


=u (4 Ae as 


v 
log i Gs —Pzlog , (e ") 
i-= * d= mm) 
P2 


(19) 


In each case v’ is the velocity at the centre. These expressions 
are so complex as to render further algebraic analysis almost 
impossible. The behaviour of the motor is predictable, however, 
from the above equations by use of the phase-plane technique. 

Fig. 7 shows the results of eqns. (16) and (17) plotted for 
different values of 8 and n. If contours are cut for any one of 
these pairs of curves, say for 8 = 10, n = 1/2, a phase-plane 
diagram may be constructed as follows: 

If contour A [Fig. 7(5)] represents eqn. (16) and contour B 
represents eqn. (17), we can begin at any point P on the s-axis 
(Fig. 8) and use contour A to determine the speed v, attained at 


Contour Bos... end Contour A 


Distance 


~s. Contour B 
Fig. 8.—Construction of phase-plane diagrams, 


the centre. Then, using contour B reversed, we can find the 
point Q to which the rotor will move starting with speed v. 
Contour A inverted will then determine point vz and so on, using 
contour A in quadrants 1 and 3 and contour B in quadrants 2 
and 4. In this way the behaviour of the machine may be pre- 
dicted for any starting point P. 

Fig. 9 shows a phase-plane analysis of a machine for the three 
conditions to which Fig. 7 refers. Fig. 9(a) is the unloaded 
phase-plane diagram illustrating the stable nature of the contour 
PORS and the approach to this contour from any starting 
position. Fig. 9(b) shows a second contour P’Q’R’S’, for which 
the oscillation is clearly in a condition of unstable equilibrium, 
for a slight departure from this curve results in either a build-up 


_ to the stable contour PQRS or a decay to the origin. 


Fig. 9(c) shows how increase in load brings the stable and 
unstable contours closer together, until in the limit there is 
clearly a load for which the machine can never oscillate in a 
stable manner. 
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(a) 


(b) 


(c) 


Fig. 9.—Theoretical phase-plane diagrams. 


(a) No load (8 = o). 


(6) B = 10. 


() B= 8. 


(6) PRACTICAL RESULTS 


A linear motor was constructed to test the simple theory of 
Section 3. The choice of v, and a,,, at this stage, was quite |i 
arbitrary. The synchronous speed chosen was 50 ft/sec on a 50c/s. 
supply. The motor was found to have a maximum acceleration 
of 16g and the stator was 4ft long. The rotor was found to 
oscillate such that a stop had to be provided at each end to 
limit the amplitude. This was not surprising in the light of the 
later calculations shown in Section 5, which predict a stable 
amplitude of over 10 ft (eqn. (8)]. 

It is not convenient to vary the rotor resistance in a machine 
of this type for purposes of experiment, since a new rotor is 
required for each value of R/X. Accordingly it was decided to ff 
perform the experiments on a conventional rotary machine with | 
slip-rings, using a relay-operated change-over switch to corre- 
spond to the centre point of the linear stator. In this way, 
infinite amplitude is available in each direction. 

Fig. 10 shows phase-plane diagrams obtained from an oscillo- 


Gi) (a) (ity 


(ii) 


Fig. 10.—Photographed phase-plane diagrams, no load. 


oa 
i) and (ii) showing reduction and build-u tively to tk i 

(6) Bee 0°37. p respectively to the stable amplitude. 
(i) and (ii) as in (a). 


graph, the method employed being to connect the X-plates to a 
geared potentiometer driven from the motor shaft, and the 
Y-plates to a d.c. tachometer-generator, also driven by the motor. |) 

Fig. 10(a) part (i) shows clearly that the approximation |} 


v'/, ee is justified for R/X = 0-35, as can be seen by the jf 
incursion from a remote point when running-light speed is sure |}) 


to be attained. Fig. 10(6) for R/X = 0-57 shows the amount 
by which v’ falls short of v, and is certainly less than 5%. 


An experiment was then performed to test eqns. (7) and (11). |j 


Fig. 1 1(a) shows the comparison between theory and practice ||! 
for variation in a,, at a fixed R/X value of 0-7, and the two are |} 
seen to be in agreement. Fig. 11(b) shows a similar comparison | | 
for R/X variations, and here there is some discrepancy, par- | | 
ticularly for the larger values of R/X. It should be noted that |} 
the relative effect of backlash is greater for large R/X values | 
where the amplitude is smaller. If, however, the measured | 


_ value of v’]v, is used in eqns. (7) and (11), instead of that computed 


from eqn. (6), better agreement is obtained as is seen in Fig. 11(5). 
In order to vary v, and still use the same machine, the frequency 


of the supply must be varied. However, this involves changes in 1 


R/X also, and if the frequency is varied whilst keeping the supply _| 
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Fig. 11.—Comparison of amplitude and time periods in theory and in practice. 
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Fig. 12.—Variation in amplitude with load. 
(a) Theoretical curves. (6) Curves obtained in practice. 
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100 
1 : (8) shows the amplitude to be 

voltage constant (4m oe so) eqn. 
proportional to the fifth power of the frequency. Ae 

Fig. 11(c) shows the comparison for frequency variation. 

If the three assumptions set out in Section 3 are borne in 
mind, and allowance is made for experimental error, these results 
show a fairly close agreement, and it seemed worth while to 
proceed with the theory for the loaded case, making the same 
assumptions. Accordingly, pairs of curves, as shown in Fig. I 
were computed to enable the stable and unstable crossing points 
to be read off, and Fig. 12(a) shows the theoretical curve for the 
stable and unstable amplitudes as a function of the load factor. 
Some difficulty was encountered in finding a suitable type of 
brake which would operate for both directions of rotation. The 
most successful type consisted of a friction band-brake carrying 
two spring-balances as shown in Fig. 13. Fig. 12(b) shows the 


Brake 
pulley 


. Load 
adjustment 


Te 


Spring balances 


Fig. 13.—Type of brake used for two-way operation. 


practical results obtained, and it appears that there is an opti- 
mum value of R/X which minimizes changes in amplitude with 
load. 

Fig. 14 shows phase-plane diagrams for two loaded conditions. 
These illustrate the decrease in amplitude with load, and Fig. 14(5) 
part (ii) shows the unstable limit. 


(i) ii 
. (a) ne 


(i) 6) (ii) 


Fig. 14.—Phase-plane diagrams for loaded conditions: R/X = 0:35. 
(a) B = 18. 

© iy ese (ii) Show respectively the reduction and build-up to the stable amplitude. 
(i) Reduction to stable amplitude. 

(ii) Build-up from unstable to stable amplitude. 


(7) DEVELOPMENT OF A SYSTEM TO MEET PRACTICAL 
REQUIREMENTS 
Having established the principle of operation both in theory 
and by experiment, it remains to be established that a workable 
system can be devised, which will meet all the requirements of 
weaving technique. 
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(7.1) Vertical Transverse Stabilization 


One of the features of the linear motor which appears at first 
sight to render the device impracticable is the magnetic attraction | 
between rotor and stator. In the model described the rotor was | 
fitted with ball-races as wheels and ran on rails which enabled a 
constant air-gap to be maintained between stator and rotor. It | 
seems difficult to identify such a system with a “flying shuttle,” 
whose name implies that it follows a free flight through space 
as it traverses the shed. In fact, however, the shuttles of | 
most types of loom in use to-day do not fly freely through the | 
shed, but rather they slide on the sley which is usually made of 
wood, or are in fact often forced between the tunnel of threads 
which serves to effect transverse stabilization, as shown in 
Fig. 15(a). The lower threads are then forced against the sley, 


Warp threads 


Grooves for warp 
threads in upper set 


(4) 
Fig. 15.—Motion of shuttle through shed. 


Warp threads 
in grooves 


4 t 
not only by the weight of the shuttle, but also by the tension in |} 
the upper threads. The friction between the lower threads and |f 
the shuttle sides does not break the threads because the shuttle 
sides are highly polished and because the warp threads are con- 
tinually being absorbed into the finished cloth so that the shuttle 
does not repeatedly touch the same piece of warp. 

Examination of the sley of a loom which has been used for | 
weaving the same type of cloth for some considerable time |} 
reveals grooves worn in the wood where each warp thread has — 
been forced against it. The shuttles of such looms are then 
supported purely by the sley, the warp threads fitting into their 
own individual grooves, as shown in Fig. 15(d). 

If magnetic attraction between rotor and stator proved so 
great that the roller bearings supporting the shuttle damaged the 
warp threads, then it would become necessary to fit on to the |f 
stator track a thin layer of material containing the necessary jf 
number of pre-formed grooves for the particular cloth being 
woven. Such a system is suggested in Reference 4. 1 | 

A double-sided system employing a stator track above and 
below could be used to reduce the downward magnetic pull, the |} 
rotor being located somewhat nearer to the upper stator, to | 
attempt to balance out the weight of the shuttle also. 

A development of the double-sided system which appears to 
have attractive possibilities consists of a rotor which contains 
only non-ferrous conducting material moving between a double |} 
track. Owing to leakage flux, the rotor will tend to occupy a }} 
mid-position between the stators and would, for the most part |} 
of its travel, be propelled freely through the air. The practical |} 
difficulties of such a system would be, first, that unless the rotor |} 
were fairly thin the stator currents would be called upon to i 
drive flux across a very large air-gap, and the size and weight of } 
the whole device would be large; and secondly, as the result of |} 
tests on a number of shapes and sizes of rotor, it appears that Hi 
the R/X ratio of rotors containing no iron is unsuited to power |} 


| 
| 


: 
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’ frequencies so far as self-oscillation is concerned. Nevertheless, 
the design of a non-ferrous rotor to operate in the manner just 
_ described may well prove to be physically possible and—in fact— 
_ the best working system. 


(7.2) Horizontal Transverse Stabilization 
The standard practice for obtaining horizontal transverse 


stabilization consists in firing the shuttle against a curved “‘reed”’ 


‘ 


“a 


force to hold it against the reed throughout its travel. 


or comb, as shown in Fig. 16(a), and relying upon centrifugal 


eee TM 
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Fig. 16.—Methods of effecting horizontal transverse stabilization. 


A similar 


_ method is possible with the type of rotor used in the model, with 
_ the possible modification of roller bearings between shuttle and 
‘Teed. 


An interesting point to note is that non-ferrous rotors, if they 


_could be made practicable in other respects, would be the easiest 


to stabilize in the horizontal direction, since they could be offset 


_ from the stator, as shown in Fig. 16(6), when they could experi- 


ence at all times a component of force at right angles to the reed, 


_ which could therefore be made straight. 


even pessimistic in this respect. 


(7.3) Location at Ends of Travel 


Fig. 12(a@) indicates that the change in the stable amplitude with 
load is not large provided that the factor f is greater than 10, 
whilst the practical results of Fig. 12(b) suggest that the theory is 
It is necessary to ensure that 
the shuttle shall clear the shed at each end of its travel, and, 


therefore, the stable amplitude should be calculated for the 
- maximum load which it is reasonable to expect for a given type 


of cloth. Thus, for most of the time the shuttle may be 
expected to oscillate with an amplitude a little in excess of this. 
In order to avoid excessively long portions of useless track to 


_ accommodate such overshoots, some form of amplitude limiter 


is necessary. This could take the form of a simple spring which 
would increase the acceleration from the standstill point up to, 
say, the peak acceleration, or even higher, since the latter is 
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probably a hundred times smaller than that for a mechanically 
propelled shuttle. 

Alternatively, d.c. magnetic clamps could be arranged at each 
end of the track to provide a strong permanent field to act on a 


Co nducting 


4. Strip a 


Waddie 


Fig. 17.—Arrangement of d.c. clamps. 


DC. 


slab of conducting material on the rotor, as shown in Fig. 17. 
The travelling field would be able to extract the rotor from the 
clamp for the return pick. Such an arrangement would have the 
effect of causing the rotor to spend rather Jonger in the shuttle- 
boxes, which might prove to be a desirable feature. 


(8) CONCLUSIONS 


The nature of the oscillations obtained is such as to render 
mathematical treatment extremely difficult, and only by making 
sweeping assumptions can any formulation of the equations of 
motion be attempted. The experimental results, however, show 
that such treatment gives at least a qualitative appreciation of 
the mode of operation. One of the main experimental difficulties 
lay in reducing backlash in the rotary system. This made assess- 
ment of the unstable limit extremely unreliable. It should further 
be mentioned that the rotary machine does not represent a true 
equivalent of the linear case, where the end effects of the “‘rotor’’ 
must play a part in shaping the speed/force characteristic. 
Recent work has, in fact, led to the belief that such end-effects 
tend to produce a characteristic which has a maximum at a fixed 
value of slip, independent of the R/X ratio. Certainly, the most 
recent experiments on the linear motor have shown that stable 
oscillation is difficult to obtain with a rotor whose length is less 
than two pole-pitches, but the theoretical considerations of this 
phenomenon are as yet unexplored. So far as the application of 
the device to weaving is concerned, it seems possible that a work- 
able system can be evolved even though most of Section 7 is 
speculation rather than the result of experiment. Whether such 
a device demands too great a change in the design of a loom 
for it to be of value is a question which the authors are not 
competent to answer at the present time. 
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SUMMARY 


The first part of the paper describes experiments performed on a 
spherical machine. These experiments show that speed ranges up to 
5-5 :1 can be obtained, and that the speed range obtained depends 
markedly on the ratio of pole width to pole pitch. They also show 
that the losses in the machine cannot be accounted for by conven- 
tional induction-motor theory. It is shown, however, that the extra 
losses are due to the fact that the stator is ‘short’ in that it is not 
continuous round the machine; they are not due to the variable-speed 
feature. 

The second part is devoted to a theoretical analysis of the properties 
of short-stator machines, in the first place without reference to variable- 
speed properties. Equations are developed which permit the formula- 
tion of the salient external characteristics of such machines, it being 
shown in particular that high efficiencies can be obtained provided 
there are four or more poles on the ‘short’ stator. This general theory 
is then applied to the variable-speed case. The theoretical findings are 
supported by numerous experimental results. 

Broad design criteria are laid down, but since one of these is that the 
machine should be large it has not yet been possible to make and test 
a properly designed machine. 


(1) INTRODUCTION 


In a recent paper! the authors described a new type of variable- 
speed brushless induction motor. The principle on which the 
motor is based is that when a piece of conducting material is 
placed in a moving magnetic field it can be caused to move at a 
speed in excess of the speed of the field by constraining it to move 
at an angle @ to the direction of motion of the field. The paper 
described a disc type of machine which sufficed to demonstrate 
the principle involved, but which was so inefficient that no 
reasonable idea of the practicability of the device could be formed. 
The paper closed with the suggestion that higher efficiencies 
would be possible with a barrel type of construction, but that 
this would require the use of a spherical barrel rather than the 
more conventional cylindrical barrel. The form of construction 
envisaged is as shown in Fig. 1, several stator blocks similar to 
the one shown being fitted round the rotor. 

The present paper describes an experimental machine of this 
kind. The investigation is not yet complete, but a point has 
been reached where the salient properties of such machines can 
be described and broad design criteria laid down. Since some 
considerable time will necessarily elapse before further experi- 
mental machines can be constructed, it is thought to be appro- 
priate to present an interim report at this stage. 


(2) EXPERIMENTAL SPHERICAL MACHINE 


(2.1) Rotor Design 


As indicated in the earlier paper, the main practical difficulty 
with this type of machine is the fact that it is essentially multi- 
polar so that the pole pitch tends to be small, with all the attendant 
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difficulties as regards leakage inductance, excessive copper loss — 
and high magnetizing current. These difficulties are obviously 
minimized by making the machine as large as possible. The 
maximum size of rotor that could be conveniently turned with 


DIRECTION OF 
MOTION OF ROTOR 


DIRECTION OF 
MOTION OF FIELD 


Fig. 1.—Arrangement of rotor and stator in a spherical machine. - 


available plant was 14in diameter, and this size was therefore 
chosen. 


The rotor was made up of stampings stacked in the conven- | 


tional-manner, but four different diameters were used, as shown | 


in Fig. 2, to provide a ‘stepped’ approximation to a sphere. 
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Hi 4 A ul t) aay 
| | | | 


BLOCKS OF CONVENTIONAL 
TOOTHLESS STAMPINGS ROTOR BAR 


Fig. 2.—Details of rotor construction. 


The rotor stampings had 150 semi-closed slots 0-6in deep by | 
0-2in wide with a slot opening of 0-1in. Stacks of these were |} 
interleaved with stacks of ‘toothless’ stampings to provide 21 |} 


peripheral slots as indicated. The rotor was wound with a 


number of separate wires of No. 20s.w.g. tinned copper. A |} 
layer of these was laid in each conventional slot, through the |} 
slot openings, then a layer of wire was bound round the peripheral I 
slots, then more wires were laid in the conventional slots, and so_ |} 
on. In this way a matrix of wires was set up, interlaced in the |} 
conventional and peripheral directions. During this winding, | 


resin-cored solder wires replaced copper wires in the proportion 
of 1 to 5. When the winding was complete the whole rotor was 
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_ heated to the melting point of the solder so as to ensure good 
soldered joints at all crossing points. Plumber’s lead was then 
_ hammered into the slot openings to make a solid mechanical job. 
The effective cross-section of the copper in each slot was 1/40 in?. 
The rotor was then turned spherical using a template. 

The rotor length, /, was made equal to the radius for a reason 
connected with the stator design, which will now be considered. 


(2.2) Stator Design 


The overriding consideration in the design of the stator is to 
get the largest possible pole pitch consistent with the rotor radius 
and the proper performance of the machine. The earlier paper 
- showed that best results were obtained with a large value of 
W|p, where W is the pole width and p the pole pitch. This fact 
suggests that the number of poles on a stator block needs to be 
_ in excess of the minimum value of 2, and it was therefore decided 
_ to provide slotting for up to eight poles per stator block. 
___ At the minimum speed (@ = 0° in Fig. 1) the stator block will 
- correspond with a section of the stator of a conventional machine, 
except for its spherical shape. At the setting for maximum 
speed, the stator block will be turned through an angle approach- 
ing 90°. It is desirable that the fraction of the rotor covered by 
each stator block should be approximately the same in the two 
conditions—first for constructional reasons, so that clearances 
between blocks remain similar, and secondly for experimental 
_ reasons, so that results at different angles will correspond with 
~ equal areas of active surface. A circular stator would meet 
these requirements best, but for ease of construction a square 
shape was adopted, as shown in Fig. 1. For maximum pole 
pitch, therefore, the rotor should be as long as possible. How- 
ever, the longer the rotor is made the greater will be the difference 
in surface speed between middle and edge, and ideally the whole 
rotor surface should travel at the same speed. A reasonable 
- compromise seems to be to make / = r, at which value the speed 
at the edge is only 12°% lower than that at the middle. 


oe ee BD a ee oe 


»\ 


Fig. 3.—Details of stator construction. 


Fig. 3 shows details of the stator actually used. It was made 

up of segmental stampings of thin high-quality iron having 22 
slots in an arc length of 8in. The stampings were all of the same 
radius, but were clamped together and ‘bumped down’ on the 
rotor to give the best fit. This approximately spherical shape 
was then turned spherical using a template. It was wound with 
a conventional double-layer 3-phase winding. The complete 
experimental stator assembly is shown in Fig. 4. Only one 
stator block has been used, but it may be seen that there is 


space for four such blocks. 
The speed of the travelling field can be calculated from the 


formula u, = 2pf, where p is the pole pitch and f the ee o 

frequency, whence the angular synchronous speed ws at 0 = 

is given by w, = 2pfyr. With a 4-pole winding in the stator ee eee eitental machine 
block described this produces a value for synchronous speed of Ai hke cir ae 


(b) Stator block removed to show construction. 


300r.p.m. at 50c/s. 
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(2.3) Experimental Results 


The speed range available with this equipment was investigated 
first. In the earlier paper some curves were given, calculated to 
show the expected speed range in the case of a purely resistive 
rotor. Owing to the inclusion of iron in the rotor, the new 
machine exhibits some rotor reactance. It was not expected, 
therefore, that accurate agreement with the predictions would be 
obtained. All attempts to include leakage reactance in a similar 
analysis had failed, however, so the experimental approach was 
the only one available. Some results are shown in Fig. 5 relating 


IDEAL LINE 
Ww 


— 


1/Cos 6 


Fig. 5.—Speed variation obtained with the experimental machine. 


Experimental curves. 
—--~— Curves plotted from the simple theory of Reference 1. 


to 2-, 4- and 8-pole windings, for which the corresponding values 
of W/p were 2, 4 and 8. From these it may be seen that the 
behaviour is superior to expectation. Evidently, rotor inductance 
is a helpful feature. The theoretical curves show that the greater 
the value of W/p the greater is the maximum speed range attained 
and the more nearly does the curve conform to the ideal line 
(where u/u, = 1/cos@) at the lower values of 1/cos@. The 
practical results are seen to substantiate these predictions 
qualitatively. 

At the higher speeds, due allowance was made for friction and 
windage, so that the speeds plotted are true ‘running light’ speeds, 
rather than actual speeds. It should, however, be noted that at 
50c/s, with eight poles, an actual speed over five times the 
minimum speed was reached. It should also be noted that 
whereas the 4- and 8-pole structures exhibit the expected speed 
at 0 = 0°, the 2-pole structure achieves only 90°% of this speed. 
No explanation has yet been found for this discrepancy, but its 
existence has been established beyond doubt. 


After it was thus established that the spherical version of the 


variable-speed machine works in practice, and is in fact superior 
to the disc machine, attention was turned to an investigation of 
load characteristics. Many measurements were taken with 
various numbers of poles, various values of @, and at several 
frequencies. Space will not permit of their reproduction here 
but the salient findings are illustrated in Fig. 6. The curves 
relate to a 4-pole structure operated at 200c/s on constant 
voltage with 6 = 0. From curve (/) it may be seen that for this 
case the efficiency 7 is less than 50%. It was found that the 
efficiency fell as the number of poles was reduced. The efficiency 
also fell as 0 was increased, but the fall was not catastrophic 
until @ had been increased to a value corresponding approxi- 
mately with a 10% departure of the running-light speed from the 
ideal value (see Fig. 5). Thus, if a significant speed range is 
required, at least four poles are needed, and more are preferable. 
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Fig. 6.—Analysis of losses for 6 = 0, W/p = 4, at 200c/s. 


(a) Input power. 

(6) Input power less stator /2R loss. 

(c) Synchronous watts, (Tas). 

(d) Output power. 

(e) = (6) — (c). 

(f) Overall efficiency. 

(g) Efficiency neglecting stator J2R loss. 


However, even at 8 = 0 the efficiency was not acceptable and 
attention was therefore directed to an analysis of losses. 


(2.4) Analysis of Losses 


The only losses in this machine that are readily calculable are 
the stator copper losses. Friction and windage losses were 
measured and added to the measured torque. The quantities 
plotted in Fig. 6 against actual speed, are: 


(a) Total input power, watts. 
(b) (input power) — (stator copper loss). 
(c) Torque x synchronous speed (expressed in watts) i.e. 


pf 27 Xx 746 


550 


_ (d) Mechanical power output (including friction and windage), 
ie. (Cc) X @rlars 


(ce) ®@ — ©. 


Torque in pound-feet x 


Of these, (a) and (6) are self-explanatory, (c) — (d) would be 


the rotor copper loss in a normal induction motor, and is there- 
fore referred to as ‘legitimate’ rotor copper loss. Curve (e) 
should be the iron loss and stray load loss, which should be small. 

The first thing to note from Fig. 6 is that the stator copper loss 
is excessive, but at this stage little attention need be given to this, 
since the theoretical cure is obvious, although it may prove 
extremely inconvenient practically. The peak overall efficiency is 
44% and the peak efficiency neglecting stator copper loss is 68 he 


) 


The second and more important thing is that (e) is so large and 
varies with speed in such an unusual manner that it cannot be 
¢ ismissed as iron loss. This curve in fact became known as the 
‘missing watts’ curve and was the starting point of a long series 
of experiments, all designed to discover what became of the 
lissing power. Nearly all these experiments proved abortive 
and are best forgotten. 
; With a view to detailed investigations numerous search coils 
were incorporated in the stator blocks. In particular, a set of 
four was included across the face of a 4-pole block at intervals 
of one pole pitch in the direction of motion of the field. These 
provided the first real clue to the source of the missing power. 
Fig. 7 shows the voltages measured on these search coils when at 
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Fig. 7.—Search-coil voltages. 


(a) Running light. 
(b) At standstiil. 


standstill and running light with a 100c/s supply. For these 
“measurements, the current supplied to the machine was held 
“constant. At standstill, as would be expected, the search coils 
yielded similar voltages, any differences being presumably due to 
small variations in size, or in the effective gap. With the machine 
“running light the coils showed a progressive increase in voltage 
as the distance from the point of entry into the field increased. 
At entry the flux was apparently independent of whether the 
-machine was running or not. 
The running-light curve suggests an exponential rise of flux 
during the time a particular rotor element is under the stator 
structure. In order to establish that the effect was time-depen- 


(SEARCH-COIL VOLTS) x 50/f 
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Fig. 8.—Flux build-up under a stator block. 
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dent rather than space-dependent, the experiment was repeated 
at a number of frequencies. The results were then corrected to 
a common time scale, and expressed as flux densities. The 
results are shown in Fig. 8, where the ordinate is proportional to 
flux density and the abscissa represents time, ‘The stator current 
was held constant throughout. Various frequencies between 
12-5 and 300c/s were used. The curve shown is the empirical 
curve V = 4 + 24(1 — e-50), These results show that the effect 
is time-dependent, and that, in fact, the flux rises with time from 
an initial value, equal to the standstill value, and approaches 
exponentially a value some six times as high. Calculation shows 
that this final value is approximately the flux that would obtain 
if the rotor contained no conductors. 

It was now apparent that conventional induction-motor 
theory would have to be abandoned, but with this experimental 
information it became possible to formulate a theory of the 
behaviour of the machine, and an exposition of this now follows. 


(3) THEORETICAL CONSIDERATIONS 
Attention will be confined, in the first instance, to operation 
with 6 = 0, but it will be shown in Section 6 that the results 
obtained relate also to operation at any angle. To simplify the 
theoretical approach to the problem a model, as shown in Fig. 9, 


Fig. 9.—Theoretical representation of a short-stator machine. 


will first be considered. The stator has been represented in the 
model by a caterpillar arrangement of conductors moving 
around the centres 0, 0’. These conductors carry constant direct 
currents whose values have a sinusoidal distribution along the 
caterpillar track. The rotor of the machine takes the form of 
an infinitely long ‘squirrel cage’ of conducting bars, moving 
under the track of the caterpillar at the same speed as the cater- 
pillar, corresponding with running light. The tooth pitches on 
rotor and stator are equal and are assumed to be in register. 
Magnetic locking effects are assumed to be absent. 

Consider any rotor tooth A outside the stator but about to 
enter it. If fringing effects are neglected, the flux in this tooth 
will be zero and the current in the bars surrounding it will also 
be zero. | 

Now consider the same tooth a short time ¢, later, when it has 
reached the position A’ just inside the stator. Let the flux now 
in the tooth, due to the action of the stator currents, be ©, The 
average rate of change of flux through the tooth during the motion 
is D/t,, and this must be the average voltage round the conducting 
loop surrounding it during the motion from A to A’. If the 
resistance and leakage inductance of the rotor bars were zero, 
there could be no voltage in the loop round the tooth for any 
finite value of current; hence, for this case, D/t, = 0, and therefore 
® =0. If © is to be zero in all such teeth as A’, there must 
be induced in the rotor bars currents equal and opposite to those 
facing them on the stator, and there will then be no flux anywhere 
in the gap. 

Consider now rotor bars with some finite resistance, but still 
with no leakage reactance. There will, in general, be a resistive 
voltage, e,, round the loop surrounding a tooth, since the 
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currents differ from bar to bar. Flux can now build up in the 
tooth at the rate 


® will therefore still be zero at entry but will build up with time, 
and since the tooth considered is moving from left to right the 
gap flux will increase in this direction. Provided that ¢, is 
small, the initial value of D, when the tooth has just entered, will 
be substantially zero, i.e. gap flux density will be zero at entry. 


(3.1) Analysis 
With these ideas in mind the more general case will now be 
considered. 


START 
OF BLOCK 


Fig. 10.—Conditions when a coil Q is entering the gap under the 
“stator and when it is at a distance s from the point of entry. 


In Fig. 10 the sine curve represents a wave of current density 
travelling along a stator block from left to right at velocity u,. 
Expressed as a surface density at any instant, using the point P 
which moves with the wave as the origin of x, we have 


) PRAT: 
De gn. | are | ee aera ls) 


Let the instant t = 0 be chosen when P is just entering the block 
which begins at O. Then the continuous curves of Fig. 10 relate 
to time ¢’ where the position x’ of O relative to P is given by 
x’ =—u,t’. At this instant let an elementary coil Q on the 
rotor be just entering the gap under the block, and let it be 
travelling at speed u from left to right. Then, at time ¢ conditions 
are as shown by the broken curve. P has moved until it is a 
distance u,t from O, while Q has moved through a distance 
s = u(t — f£’) to the position S. Q is now displaced from P by 
an amount x given by 

Me toe ih ee 4 a omnt a) 
Consider now the resistive voltage round the coil due to the 
rotor current density. If rotor surface current-density, j,, at 


this instant is a function of x, the difference in current density in 
the two sides of the coil Q of width 6x is 


oy, 
Ox 
*Dx 
and the resistive voltage round the loop is 
of, 
Ox 
eee 


where p, is the surface resistivity of the rotor. This voltage must 
be balanced by an induced voltage owing to the rate of change of 
flux through the coil, i.e. 
db Os, 
Sy eet Oms bh, 
x pox. a tee aera (S)) 


where b is the flux density through the coil Q. 
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E 


where bg is the value of flux density at entry and is a constant for 
this coil, but may be a function of x’, the displacement of the 
coil at entry. | 

For a given value of t’ this is the flux density through the cont | 
at any subsequent time. Alternatively, if t — t’ is held constant || 
and ?’ is treated as a variable, it describes the time variations of /If 
flux density at a fixed point a distance s from O, such that s = 1 
(t — tu from the entry point; hence at S 


bp | Shite ae 
ES 


where 5b, is the flux density in the coil Q as it passes S. The fiux |f 

density at entry being zero the constant of integration is zero. _ 
For comparison, the time variation of stator current-density | 

as the coil passes S can be derived as follows: 


° RES 
J; = pa 


and from Fig. 10 
x=ut—1t)—u 


At S the value of (t — 7’) is always s/u, so that 


x=s—iult 


7 uu. 
SS Uu,t es ‘€: — 1)s ic 
u { 


whence 
j= —Jysin| — THE 7H 4) 
Pp Pp\Uu 
= J, sin jer BL =(= = 1) | = J, sin wr” 
P\u 
where 


fay (Seas 6 
ss Re deer 


Relating these equations to the particular case, it may be noted 
that rotor current-density can differ from stator current-density 
only to the extent necessary to set up the flux density. The 
difference is, in fact, the magnetizing current. In the first 
instance this will be neglected. It follows that 


: : aes 
Jp = Js Se 
whence, following the general argument, 
oj, ar 7. 
ep a ee, 


and from Fig. 10, at the instant ¢, 
x =(u —u,)t — ut’ 


t’ +(s/u) t’ +(s/u) 
o, 


r ls 
Hence b, -| Prat = | P = “cos [( u, + u)t — ui’ |dt 
v t" . 2 2 ee 


Integrating and expressing eqn. (7) in terms of t’” from eqn. (6) | 
yields | 


SS Pls : 71s are we 7 (uy, | 
b, = Pel tin wt sin E -2(@-1)s]\ ‘ (8) 
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This equation can be expressed as 
D. =p, Saale 7B, COS@r  . . . ... . (9) 


where B, and B, are functions of s, and are the peak values of 
components of flux density at position S in time phase and in 
time quadrature with j, at S, and are given by 


by Pls ¥. TS (Us i 
5, ees E cos (4 — 1) | (in phase) . (10) 


irs u 


B= 


J 
P's sin 7 (= (11) 


ie a _ 1) (in quadrature) 


Consider first the values of these quantities when u, = u. B, is 
of the form (1 — cos «A)/A with A +0. This tends to zero for 
all finite values of a. 

B, can be rewritten, 


7S 
Pelee 


—— 


B, = = P sin (“= — 1) 
ae 
u Dp 


which as (4-1) +0 
; J. 
yields .= (12) 


Hence B, increases linearly with s. 

Consider now a point fixed on the rotor at a point of current 
zero. As this point passes S a current zero is observed, 
and since B, is in quadrature with j, a flux maximum must be 
observed. Such a point therefore corresponds with a maximum 
in the space distribution of the flux in the gap, and at this point 
__B, has the value given by eqn. (12). This is illustrated by 
Fig. 11(a), where B, is plotted against s/p which is distance from 
the entry point expressed in pole pitches. If it is desired to 
~ remain at this fixed point on the rotor, for which s = u,t, where 
t = 0 when s = 0, then 

B, ee ips, sat 
Dp 
ie. the flux at such a point increases linearly with time as already 
indicated. 

If we now return to the case of u # u,, Fig. 11(@) also shows 
B, and B, for a slip of 1/9, Fig. 11(6) is for o = 1/5, and 
Fig. 11(0 for o = 1/3. The end point of the graph will of course 
_ depend on the number of poles in the block. 

The information contained in Fig. 11 is summarized in Fig. 12, 
where ordinates and abscissae have been given the most con- 
venient forms, but with some loss of physical significance. For 
any given slip the abscissa is a measure of distance in pole pitches 
to some scale, but the scale, and therefore the end-point of any 
given block, is a function of slip. The less the slip, the nearer the 
end-point approaches the origin. 

These results can be explained alternatively as follows. 


(3.2) Alternative Approach 


The case for u, = u will be considered first. The flux in the 
gap may be regarded as being made up of two components acting 
in opposition. The first component is due to stator currents 
and the second to rotor currents. The stator sets up a travelling 
wave of flux of constant amplitude which produces at all points 
a time variation of flux in quadrature with the current variations 
at that point. Itis assumed that each element of rotor conductor, 
as it enters the block, acquires a current of magnitude equal to, 
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Fig. 12.—Summary graph of theoretical flux distribution. 


but opposing, the stator current which it faces. If this current 
were maintained, the rotor would produce an equal and opposite 
travelling wave of flux. However, there is no slip and therefore 
no mechanism by which currents can be maintained indefinitely 
in the rotor. The current at a particular point in the rotor 
therefore decays with time. It has an initial value at entry into 
the block equal and opposite to that of the stator current it faces, 
but it decays from this value as the bar proceeds away from the 
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start. Since the rotor structure is an inductive circuit with 
resistance (the stator, being current fed, can be regarded simply 
as iron) the decay is exponential and of the form J, a Amie 
These currents produce a travelling flux wave which, at entry, 
is equal and opposite to the stator flux wave, but which thereafter 
decays as e~‘/. The final flux wave, being the sum of the two, 
has the form K(1 —«~‘/*), where K is the value of the flux that 
would be set up by the stator currents acting alone at the point S 
distant s from the entry point, and ¢ is the time taken for a rotor 
bar to move from the entry point to S, ie. t = s/u,. 


Whence, B, = K(A Ree) 
If urls > 1 


K can be evaluated exactly, since it is a steady-state flux, and this 
has been done in Section 12.1. The rigorous evaluation of 7 
presents greater difficulty, since it depends on the flow lines of 
rotor current, and these are not known unless 7 is known and 
constant. However, 7 is evaluated in Section 12.2 for a special 
case, and if this value is inserted 


__ 7p,J 8 
Te 


which agrees exactly with eqn. (12). 

That this approach yields an exponential subsidence to a 
steady value, whereas the earlier approach gave an indefinite 
linear rise, results from the fact that magnetizing current was 
neglected in the earlier and more rigorous approach which 
corresponds with u,7/s > 1 in the second approach. The degree 
of agreement suggests that the extension provided by the less 
rigorous second approach can be accepted as substantially true. 

This second approach can also be applied to the case of u ~ u, 
and provides a corresponding extension. It also provides some 
physical insight into the reasons for the rather peculiar behaviour 
of B, and B,. In this case the flux is again regarded as due to two 
components, but now the first component is due to the stator 
current acting in concert with that part of the rotor current that 
can be maintained indefinitely by the agency of slip. This flux 
is, in fact, the final steady-state flux at points remote from the 
start, and corresponds exactly with the flux in a conventional 
machine of equal dimensions as regards gap, pole pitch, p,, 
and so on. This component will contain a small element B 
corresponding with input magnetizing current and a large element 
B, corresponding with input load current. 

The second component is equal and opposite to the first at 
the point of entry, but is due to transient currents induced in the 
rotor which cannot be maintained and which therefore die away 
with time-constant 7, thus causing the second flux wave to decay 
from its initial value equal and opposite to the first component. 
However, this component now differs from the first one not only 
in the respect that it decays, but also in the respect that, being a 
rotor transient, it travels at rotor speed u, whereas the first com- 
ponent travels at u,. 

If the decay is ignored for a moment, i.e. u,7/s > 1, because of 
the different speeds, the two waves build up a phase difference 
as the point in question on the rotor proceeds further from the 
start. Initially, the difference is mainly in quadrature with the 
two waves, but when one wave has ‘slipped’ one half-wave relative 
to the other, the fluxes, which were initially in opposition, become 
additive, yielding an amplitude of twice the steady-state amplitude. 
At this point the ‘quadrature difference’ is zero; beyond it the 
waves move towards opposition again, with quadrature difference 
increasing but with reversed sign. After a whole wavelength of 


slip the initial conditions are reinstated; thereafter the cycle 
described is repeated indefinitely. This behaviour is consistent | 
with that derived from the earlier analysis and depicted in 
Figs. 11 and 12. 

A detailed analysis which, however, is not rigorous because of 
the doubts about 7, but which includes the effects of decay and 
finite magnetizing current, is given in Section 12.3. It shows 
that 
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These equations are depicted in Fig. 13 for the particular case of 
o = 1/3, and r = 1-25/f. The main differences between these 
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Fig. 13.—Flux distribution with finite air-gap. 


curves and those in Fig. 11(c) are that now the oscillation about 
the mean level gradually decays and the mean level, particularly 
that of B,, is shifted. 

The presence of a finite value of B, in the steady state indicates 
that part of the stator current, which has been used as a reference 
throughout, must be regarded as magnetizing current. 

These curves have been included to illustrate the general effect 
of magnetizing current, but in the interests of simplicity the 
remainder of the discussion will be based on the simpler curves 
of Fig. 12. The important feature of eqns. (13) and (14) is the 
time-constant tT = 4p?19/77p,g, since this must be known if u,t/s 
is to be made large compared with unity, so that Fig. 12 applies 
to a fair degree of approximation. 


(4) EXPERIMENTAL RESULTS 


The somewhat unexpected results of the preceding Sections 
have been tested experimentally with the spherical machine. An 
8-pole winding was used with seven search coils arranged at 
intervals of one pole pitch on the stator surface. The coils 
were confined to the middle third of the pole width to avoid 
excessive variation of u, due to the spherical shape. The voltages 
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rom these were amplified, and their r.m.s. values measured. 
fhe amplifier output was also fed to the Y-plates of an oscillo- 
raph, the X-plates of which were fed with a voltage of variable 
yhase derived from the supply by means of a Magslip resolver, 
itted with a scale. The phase was measured by adjusting the 
Magslip until a straight line was obtained on the oscillograph. 
vare was taken always to use settings of the Magslip within one 
juadrant, so that the readings were actually very close together, 
the search coils being 180° apart. In this way Magslip errors 
were made negligible. 

; A small resistance was inserted in series with the connection of 
one of the stator phases to the star point and the potential 
difference across this, proportional to stator current, was used as 
a phase reference. 

_ Measurements were made at standstill, while running light 
and with a variety of values of slip. 

_ Columns (i)-(iv) of Table 1 show’ the results at standstill and 
for o = 124%. 


Table 1 
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_ The phase angles have an arbitrary zero but are related to the 
phase of the stator current. Fig. 14 illustrates the method used 
in calculating B, and B,. 


Fig. 14.—Vector diagram for search-coil measurements. 


The standstill results include a major contribution from rotor 
leakage flux, which is not included in the theory. If there were 
no rotor leakage inductance, this flux would be substantially 
zero, so the results of Table 1 require correction before compari- 
son with theory. To do this it has been assumed that, for a given 
stator current, rotor leakage fiux is independent of slip, and this 
assumption will be valid provided that the space configuration of 
rotor currents is substantially independent of slip, as it will be if 
the coupling is good. 

~ To evaluate the rotor leakage flux it is necessary to resolve the 
observed search-coil voltage at standstill into its in-phase and 
quadrature components, and for this purpose the rotor time- 
constant was used. This was deduced from Fig. 8, where it will 
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be noted that the coupling time-constant is 4;sec. The initial 
ordinate of this curve is an approximate measure of rotor leakage 
inductance to the same scale as the final ordinate is a measure 
of coupled inductance plus leakage inductance. The rotor 
leakage time-constant is therefore 4; x 0:02sec (approximately 
0-003 sec) yielding a rotor phase angle of 834° at 500c/s. 

In Table 1 the reactive components of column (i) are shown in 
column (v), and the phase angles of these components relative to 
the arbitrary zero are shown in column (vi). The phase angles 
of column (vi) were taken as defining the phase corresponding 
with quadrature flux B, and were used to resolve the search-coil 
voltages defined by columns (iii) and (iv) into B, and B, com- 
ponents, as shown in columns (vii) and (viii), leakage flux, 
shown in column (vy), being subtracted to obtain B,. 
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Fig. 15.—Experimental results for flux distribution. 


Fig. 15 shows the results of a set of experiments analysed in 
this way. A high frequency (480c/s) was used to reduce the 
effects of decrement, i.e. Tu,/s = 4:8. Fig. 15(@) shows the 
performance at synchronous speed, and exhibits a fairly linear 
rise of B,, with B, substantially equal to 0, as expected from 
eqns. (10), (11) and (12). 

Figs. 15(b) and 15(c) show the effects of small values of negative 
slip and positive slip. B, is little changed, but B, now enters 
with its sign dependent on slip [see eqn. (10)]. None of these 
curves exhibits any oscillatory tendency, since the slip is so small 


that 
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[see eqns. (10) and (11)] for the whole length. At the end of the 
block, s = np, the values are —0:167 and +0-3377. 

The oscillatory form is brought out by the curves (d) and (e) 
for o =} and o =} for-which the values of zros/p(1 — o) are 
87/7 and 87/3, respectively, for the end of the block. The waye- 
length of the oscillations is therefore seen to be approximately 
of the expected value, and there is evidence of the decrement 
required by eqns. (13) and (14). It may also be seen that the 
vertical dimension of the diagrams decreases as slip increases, 
as in Fig. 11. The agreement between Fig. 15(e) and Fig. 13 is 
very striking. 

This degree of agreement is regarded as indicating that the 
theoretical treatment is sufficiently near the truth to form a 
sound basis for design purposes at this stage in the development 
of these machines. Agreement in greater detail can hardly be 
expected, if one bears in mind the many manipulations involved 
in completing Table 1, which shows that leakage flux is 
responsible for a major part of most of the measured voltages. 
More detailed comparison of theory and practice must await the 
construction of a more suitable test machine in which leakage 
inductance is kept relatively lower by the use of a larger pole 
pitch. 

Several other sets of curves of B, and B, have, in fact, been 
taken, some for a 4-pole stator. In all cases reasonable agree- 
ment with theory was obtained. 


(5) ENGINEERING SIGNIFICANCE OF THE THEORETICAL 
RESULTS 

The theory has been developed on the assumption that the 
supply current is held constant; as a result the terminal voltage 
is a function of slip. However, provided that this terminal 
voltage can be calculated as a function of slip it is quite simple 
to scale the other quantities so as to yield the constant-voltage 
characteristics. 

From the design engineer’s point of view the factors of first 
importance are the external characteristics of the machine in 
respect of supply voltage, load current, efficiency, torque/speed 
characteristics, power factor and so on. In deriving these 
quantities the most important items in the theory are eqns. (10), 
(11) and (34) and Fig. 12. The importance of eqn. (34) lies only 
in establishing that in a proposed design tu,/s will be much 
greater than unity so that eqns. (10) and (11) apply approximately. 


(5.1) Torque and Output Power 


The average force exerted on a rotor element of length ds and 
unit width in a direction perpendicular to the plane of the paper 
in Fig. 10, and situated at S, is 

iff 
dF = fas | j,b,adt = 
0 


The force on a strip of rotor of unit width and of length equal 
to the length of the stator block, np, is therefore 


B 
“ds 


np np 
Af ppJ2 pd — o) Ton 
ieee ae IS eb _ i 
i A ie 2cu, | : me ° eet 
0 0 
J2 pl — o) Ton 
or Fu. = * = i ; 
u, a = sin ie s| (15) 


expressed as ‘synchronous watts’. The torque will be the force F 


multiplied by the appropriate radius. The power output from 
the strip is 


2 oes, 
P, Fy ea 26 Se asa Se 


sin 
20 7™m]8 


nT Oo 


) . (16) 
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Fig. 16.—Theoretical speed/torque curves at constant current. 


Eqn. (16) is plotted in Fig. 16 for two, four and eight poles 
wound on blocks of equal size. The broken curves show the 
corresponding ‘synchronous watts’, Fu,, from eqn. (15)) 
Fig. 17 shows experimental results at 200c/s for four anc 
eight poles wound on similar blocks with the same current 
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Fig. 17.—Experimental speed/torque curves. 


Torque expressed as synchronous watts. 


per slot. It may be seen that the general shape is in accordance 
with expectation, and the peak torques occur at about the righ’ 
values. On the other hand, in the experimental results, the 
standstill torque is a much larger fraction of the peak torque 
than the theory predicts. There are two probable reasons fo: 
this. The peak observed torque will be less than the theoretica 
value because, in the practical case, there is some decrement [sex 
Fig. 15(@)], which means that the flux density at exit is less thar 
the expected value. Secondly, the effective rotor resistance i: 
probably higher at standstill than during running, owing to skit 
effects. 

It has been verified that skin effects are significant by com 
paring standstill rotor and stator copper losses at various fre 
quencies, and it is found that the rotor losses increase relativeh 
at the higher frequencies, the resistance being apparently nearh 
twice as high at 300c/s as at 100c/s. Similar effects probabk 
explain the failure of the ratio of the peaks to reach the expecte: 
value, although mechanical differences between the two block 
might contribute to this discrepancy. 
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(5.2) Rotor Copper Loss 


The copper loss per unit square of rotor is p,(J?/2). 
So for the strip considered above 


np 
P, = | prJ-ds 
0 


and if A is assumed uniform along the strip, as it will be provided 
that tu,/s is much greater than unity, 


P,=4p,J?np . (17) 
(5.3) Stator Copper Loss 
Clearly P,= PSP. Peer ea eval ee, i, - (18) 


if J, = J, and if rotor leakage inductance is neglected. 


(5.4) Efficiency 


If iron loss, friction, windage, etc., are ignored, eqns. (16), (17) 
and (18) permit evaluation of the efficiency as 
. P 


7) == PN P=P. . . . . . (19) 


where P, is the power output and P, and P, are the rotor and 
stator copper losses respectively. Before evaluating this quantity, 
reference will be made to Fig. 12. For any given value of slip, 
the abscissa of the graph is proportional to distance travelled 
under the stator block from the point of entry.. For short 
distances travelled, ie. abscissae less than, say, 7/4, copper 
losses, both rotor and stator, accumulate in proportion to 
distance, but output power, being proportional to B,, accumulates 
‘at a very low rate compared with the mean rate for a very long 
stator, which is measured by the mean value of B,, which itself 
is the value B, would have in a conventional machine with 
‘similar pole pitch, gap, windings, etc. 

It follows that if the end of the stator block were at a distance 
corresponding to an abscissa of, say, 7/4, the rotor copper loss 
would be vastly in excess of that appropriate to a conventional 
machine developing the same output power. On the other hand, 
if the block was of length corresponding to 77, in the equivalent 
length between 7/2 and 7 the flux density B, (and therefore the 
output power) exceeds the mean by as much-as it falls short of 
the mean between 0 and 7/2, and a block of length corresponding 
to 7 would have rotor copper loss exactly appropriate in con- 

-yentional terms to its power output. 
A block length corresponding to 37/2 would appear to do 
better than a conventional machine; this has yet to be investi- 
gated, but it may be noted that there is no fundamental objection 
to this result since no exact value can be ascribed to the velocity 
of the field—which increases in size and changes phase as it 
travels. ; 

A block length corresponding to 27 might appear ideal. 
The average value of B, is 0, so the power factor is unity (dis- 
counting magnetizing current and leakage reactance this would 
always be true in a conventional machine), the average of B, is 
that appropriate to a conventional machine, and the flux density 
at entry to and exit from the block is zero. 

However, reference to Fig. 16 shows that P, = Fu has a 
maximum value near o = 1/(7 + 1). Since this is a constant- 

“current graph both P, and P, will be constant, and it follows from 
eqn. (19) that the efficiency has a maximum near o = 1/(” + 1). 

Further discussion of numerical efficiency will be found in 
Section 8, it being sufficient to note here that a possible 
‘explanation of the ‘missing watts’ has been exposed. 
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(5.5) ‘Excess’ Rotor Copper Losses 


If “excess” rotor copper losses, P,, are defined as actual copper 
losses minus the copper losses appropriate to the power output 
and slip of a conventional machine, 


oO 
P= 3p) (nD — Too? 
Substituting for P, from eqn. (16) yields 


Ope Wapliesy 10°F Pe. ANTS: 
1= ee | ( o ) sim | ah 


P. Qs $p,J 2np ay 


nro 
Prd) Pup Li .0 
or = 
if 2 nto (20) 
th Gy 
or P, = 4p,J2np (35) 


where ¢ = n7o/(1 — o). Eqn. (20) is plotted in Fig. 18 for 
the particular cases of two, four and eight poles. 
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Fig. 18.—Theoretical curves for excess rotor copper loss. 


If the missing-power curve of Fig. 6 is replotted at constant 
current with ordinates P,,/N2J2, where N is the stator-to-rotor 
turns ratio, the result is as in Fig. 19, curve (b); curve (a), which 
is similar, is for an 8-pole structure. Since the curves of Fig. 19 
represent total untraced power, which includes iron loss and 
any stray load losses, and since the ordinates represent only 
about 20% of the total input, the general agreement with Fig. 18 
is thought to be satisfactory. The drop in P,,|N2J2 between 
synchronous speed and o = 1/(” + 1) is about the same in the 
two cases, as is required by the theory. 


(5.6) Terminal Voltage 


Because the flux wave in the gap is a complicated function of s 
and o, terminal voltage cannot be assessed by the simple process 
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Fig. 19.—Experimental missing-power curves. 
(a) 8-pole block. 
6 =0 


n=8 

(b) 4-pole block. 
6=0 
n=4 


(c) 8-pole block. 
6 = 60° 


n (equivalent) = 4. 


of ascribing a velocity to the field and using the flux-cutting rule. 
The apparent-power intake can, however, be calculated by other 
means, and this has been done in Section 12.4, which shows that, 
for a strip of unit width and length np, 


n 1s1—oa,2., 
P, = pcl20)™ —1( —) sin 


Q; = p,J 2p ae = zy; Sal ae = Ne cos ‘| Jc a(29) 


In these expressions J, is the surface current density, and in a 
practical machine would be replaced by BI,, where I, is the 
actual line current and f is a factor depending on the winding 
arrangement, i.e. slots per pole, conductors per slot and so on. 
To find the phase voltage it is then necessary to divide P;and QO; 
by J, and multiply by the pole width, W. For the present purpose 
it will suffice to divide P; and Q, by J,, so obtaining a figure 
proportional to terminal voltage. The constant of proportionality 
K, is dependent on f and W but independent of slip, 


1jl—oy2. 
hence Vi = Kpdio| — a = =) sin | 


(21) 


(23) 
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1/Al oy? 471 =a? n1o J 

Ve = Kypeho| ( ) pte —*) cos (24) 
The total terminal voltage is »/(V? + V7) and the power factor 

is V,|\/(V,2 + V2). These quantities are plotted in Figs. 20 and 
21 as functions of slip for n=2, 4 and 8. The broken 
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Fig. 20.—Theoretical voltage/slip curves at constant Js. 
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Fig. 21.—Theoretical power-factor/slip curves. 


curves relate to cases including leakage inductance L where 
Lw, = 30K,p,p, the effect of which is simply to add Lw,J, 
numerically to V, There will, of course, be a corresponding 
degeneration of power factor on Fig. 21, as shown by the broken 
curves. 

From Fig. 21 it may be seen that the power factor is satisfactory 
for all values of o in excess of 1/(m + 1), but rapidly becomes 
unacceptable at lower values of slip. 

The interesting feature of the voltage curve is that it enables 
the torque curves in Fig. 16 to be redrawn on a constant-voltage 
basis. This has been done in Fig. 22, where it may be seen that 
the peak at 1/(m + 1) has vanished and there is a steady rise of 
torque (and, of course, of load current) as slip increases. Here 
again the continuous curves relate to zero leakage inductance. 
and the broken curves to the same leakage inductance as that 


1/ Ve) 


(Tw s/pp IS P)X (Vo 


d for the broken curves in Figs. 20 and 21. The practical 
ficulty is to reduce the inherent leakage to an acceptable 
ue; no experimental values are given since the experimental 
ymachine had excessive leakage. 


; (6) OPERATION AT AN ANGLE 
| When the stator block is turned through an angle @ from the 


q 
1° position, as shown in Fig. 23, rotor elements such as those 
sonsidered in Section 2 cannot proceed along the line of motion 
the field, but only in directions parallel to OO’. Such elements 
, however, have a component of velocity u, along the direction 
Jof the field, acting in conjunction with a component u, = u, tan 7] 
t right angles to the direction of motion of the field. From 
Fig. 10 and the associated analysis it appears that the formulae 
leduced would not be invalidated if the entire diagrams were 


\given a velocity at right angles to the paper, corresponding with 


Fig. 23.—Operation at an angle 0. 


| 4 in Fig. 23. The only effect in Fig. 10 is that the time spent 
der the block by an element such as (a) in Fig. 23 is reduced 
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at 0 =0to 
WwW W np 


Bi ~ u, tan 


u,tan@ 
(for a square block) at any other value of 0. 

This factor can be incorporated in the formulae by substituting 
W/tan @ for the block length. Calculated torques will require 
multiplication by cos 0 and calculated speeds by 1/cos #. Slip 
values will be unchanged. 

These arguments apply quantitatively only to strips formed by 
elements of the rotor crossing the stator along paths such as O—O” 
in Fig. 23. Paths such as Y-Y’ yield a different and variable 
value of block length. However, for large values of 0, say 
6 > 60°, most paths will be of the O-O’ kind. 

The detailed implications of this equivalence will not be dis- 
cussed further, it being sufficient now to note that the effect of 
greatest importance is the reduction of the effective number of 
poles in a square block from n to n/tan'0, with the attendant 
change in the optimum slip, which now becomes 

1 


C= 
n 


tan 9 uae 

Similar results can be obtained alternatively by redefining 
Fig. 10 so that it represents a section through OO’ or YY’ on 
Fig. 23 instead of a section along the direction of u, To do 
this it is necessary to write p/cos @ for p in the equation for the 
travelling wave, so that the apparent pole-pitch increases as 6 
increases. The analysis can then proceed as before, and actual 
values of rotor speed will enter throughout, but in order to 
calculate torque and terminal voltage it will be necessary to 
correct for the fact that now the sides of the elementary coil do 
not emerge perpendicularly from the paper, but at an angle 0 
to it. 

The validity of this approach has been tested by comparing 
the performance of a 4-pole stator at 60° with two of those four 
poles at 0°. To obtain common abscissae the measured speeds 
at 0° were doubled, and the observed torques and input powers 
were also doubled to compensate for the fact that one-half of 
the block was then inactive. Both sets of curves are plotted on 
Fig. 24. The agreement is good and both curves show the 
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Fig. 24.—Comparison between 4-pole stator at 60° and 2-pole stator 
at 0° 
OOO 4-pole 60°. 
X X X 2-pole 0°. 
(a) Input power. 
(b) Input power less stator copper loss. 
(c) Synchronous watts, Ts. 
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typical peak in the vicinity of o = 1/3. Additional confirmation 
is supplied by curve (c) in Fig. 19, which shows missing power 
for eight poles at 60°; this may be seen to have the shape appro- 
priate to a 4-pole structure. j 

It is believed that with sufficient development this approach 
could explain the shape of the speed/(1/cos #) curves in Fig. 5, 
but it would also be necessary to discover the cause of the failure 
of 2-pole blocks to produce the calculated speed at 0°. This is 
believed to be connected with the fact that on exit from the 
block the rotor is energized and carries energy away from the 
block continuously, but no quantitative agreement between 
observation and speculation has yet been obtained. 


(7) STATOR END-EFFECTS 


The preceding theory takes no account of events at the exit 
end of the stator block; the entry end is taken into account in 
the requirement that b =O there. Similar considerations 
suggest that b must retain its value, b,, at exit even after the 
particular rotor element considered has left the block. This is 
illustrated in Fig. 25. Here the iron structure of the stator is 
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Fig. 25.—Stator end-effects. 


shown as continuous, but the stator winding is of limited length. 
The flux density immediately beyond the winding must be 5,; 
otherwise there would be an instantaneous change in flux 
through the short-circuited rotor conductors at exit. Since there 
is now no stator current there will be rotor current sufficient to 
produce this flux. The flux will decay exponentially as the rotor 
element moves on, owing to dissipation in the rotor resistance. 
The r.m.s. value of 5, at exit will be 


Bees. ni (7 see, 
7 zane) 
where B,, and B,, are the values obtained by putting s = np in 


eqns. (10) and (11). 
The average magnetic energy carried away from the stator in 


B: 


this way is : 
y ) 87719 


the stator. The corresponding rate of energy loss per unit length 
of stator edge perpendicular to the paper in Fig. 25 is 


& per unit square of rotor surface leaving 


(25) 


Both u and B, have their greatest values at u = u,, When 
aii S . 
B, = By, = PrIs— [eqn. (11)]. 
Ss 
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where s = np, 


1 77 
or Traian) = aPriepn (5 =) 
$ 


(26) 


where 7 is evaluated from eqn. (34), and is the time-constant of 
decay of the rotor currents producing be 


It is a design requirement that u,r/s > 1, and it follows that 
in the circumstances of Fig. 25, 


fig x(max) < tp,J. ‘2np 
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which is the rotor copper loss. If this were the whole sto 
stator end-effect could be neglected. Unfortunately, it is n 
the whole story: the iron of the stator does not continue beyo 
the winding, and even if it conveniently could, the flux carri 
away by the rotor must be dissipated somehow before the rot 
re-enters a stator block, if the entry condition b = 0 is not to t 
vitiated. Again, when the stator block is turned through 
angle, rotor speed increases and magnetic energy is transporte 
at a greater rate. All these factors indicate that this effect mu: 
be examined fully, but this has not yet been done. Some simile 
work appears to have been done in Russia in connection wit 
‘arch’-type motors,2»3-4,5 and this is currently under examination 
One way of dissipating the flux fairly quickly would be t 
continue the stator iron beyond the end of the winding, but wit 
the gap increased by a factor y so as to replace 7 by 7/y. If th 
interval between stators were equal to stator length, then” 2 = 
; Ss 
might suffice. Lge ors would then be one-half of the rotor coppe 
loss. The stator iron is not continued in the experimenté 
machines, but there is, of course, some rotor inductance eve 
when the rotor is outside the stator block. Since it may be see 
from Fig. 11 that B,, falls fairly quickly as slip increases, an: 
since this ‘edge’ loss is proportional to B2, it is not unreasonabh 
to assume for the present that the effect is not dominant < 
working speeds. It is thought, however, that it may well explai 
the failure of 2-pole machines to reach full speed, and also th 
strange flatness of the curves of Fig. 5 at high values of 0. 


(8) DESIGN PROCEDURE 


It was shown in Section 5.4 that maximum efficiency occu 
when o = 1/(n + 1), whilst reference to Fig. 21 shows that th 
power factor with o = 1/(m + 1) is about 87%, which is regarde 
as acceptable, bearing in mind that it would be necessary t 
double the slip to get a power factor of unity, discounting mag 
netizing current and leakage effects. The fact that o = 1/(n + 1 
corresponds with a peak on Fig. 16 need not deter us fror 
choosing this as a maximum load condition, because thes 
curves are for constant current. Fig. 22 shows that there is n 
corresponding peak in the constant-voltage curve. 

The design will be discussed in the first place in terms c 
constant-current supply, the implications of the necessary chang 
to constant-voltage conditions being discussed separately late: 
It will also be assumed that operation will be designed to occu 
in a range where the decrement of the fluxes can be neglectec 
since this is simplest, and will suffice to bring out the salier 
siege in the design of this new type of machine. This require 
that 


1 2 
7™p,gn 


SL Seal. ek ee 
for all designs. 
Eqn. (19) states the efficiency, neglecting iron loss, as 
Jz 


oO 


PPP 


Eqns. (17) and (18) give P, and P,, and inserting o = 1/(n + | 
in eqn. (16) yields 


[Po], 


ah 


J. 
41 = n( ee) =n X (rotor copper loss) 
n+1 2 
n 
n =————_- . . . .w.. QC 
n+1 48 


r 


From this equation it may be seen that 1 should be large, < 


Hence 


uld be expected from the fact that in a conventional machine 
s effectively infinite. 
, Similarly, p, should be small, as expected. What is perhaps 
j unexpected is the fact that p, should not be made too small; 
t should in fact be made greater than p,, particularly if 7, as is 
ely, is not very large. This means that, in general, the rotor 
‘slotting will be made much smaller than the stator slotting. 
be: In a conventional machine p, is commonly made very small, 
} and its relation to p, is not particularly significant; this is because 
a conventional machine the slip at full load is proportional 
to p,, whereas in variable-speed machines full-load slip is set by 
} other considerations. 
_ The requirement that n should be large is not easily met, for 
the larger it is made the smaller the pole pitch becomes, and 
‘the more difficult it is to achieve high efficiency even in a 
conventional machine. If one assumes as a round figure a stator 
| block occupying one-quarter of the periphery of the rotor, it 
will be found that with n =8 (the equivalent conventional 
{ machine has 32 poles) the limiting efficiency from eqn. (28) will 
be 88%, even if p, > p,. Thirty-two-pole conventional machines 
with efficiencies of this order can be made only with large dia- 
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Fig. 26.—Results of brake test with 8-pole stator at 0°, 400c/s. 


(a) Input power. 

(b) Input power less stator copper loss. 

(c) Synchronous watts, Tws. 

(d) Output power. 

(e) Overall efficiency. 

(f) Efficiency neglecting stator copper loss. 
(zg) Power factor. 

(h) Supply voltage. 
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meters; it may therefore be better to use n = 4 and accept a 
limiting efficiency of 80%. If it is borne in mind, however, that 
with square blocks a 2:1 increase in speed will involve an 
effective 2: 1 reduction in n, it seems likely that where speed 
ranges of 2 : 1 or greater are required, n = 8 should be used. 

Since square blocks will not necessarily always be used, this 
design criterion should probably be restated thus: “The number 
of effective poles should not fall much below four at any speed 
where high efficiency is required’. 

The other design criteria emerging from this discussion are that 
rotor resistance should exceed stator resistance, which itself 
should be made as small as possible, and that the full-load slip 
should be 1/(n + 1) where n is the number of stator poles pre- 
sented to a rotor element as it traverses the stator. It is also 
necessary that the rotor should be able to dissipate as heat 1/n of 
the output power required. 

It has not yet been possible to build a new machine incor- 
porating these principles. The present machine can be criticized 
in several respects. Thus, with reference to Fig. 6, it is clear that 
p,/p, is not sufficiently small, the ratio at standstill being about 
1:1. Itis also apparent from Fig. 8 that the time-constant 7 is 
too small for satisfactory operation at 50c/s. The situation 
cannot be improved by adjustment of p, since to improve p,/p, 
requires an increase of p,, and to increase 7 requires a reduction 
of p,. On the other hand, increased size would permit both 
reduction of p, and increase of + without change of p,. This 
course is not immediately possible. All that can be done now 
is to record the best result that has been achieved so far with the 
present machine. For this purpose a high frequency was used. 
This has a twofold effect: first the required value of 7 is reduced, 
and secondly, the apparent value of p, is increased by skin effects. 

Fig. 26 relates to the experimental machine run at 400 c/s. 
The standstill values now show p, ~ 4p,, but this will not be 
maintained under running conditions. In spite of this the impor- 
tance of stator copper loss has been reduced, although at the 
expense of a relative increase in iron loss as represented by the 
difference between curves (b) and (c) at standstill. The overall 
efficiency is now 61%. 

However, in achieving this fairly high efficiency, the importance 
of leakage inductance has been emphasized by the high fre- 
quency; the power factor is therefore poor and the change in 
terminal voltage is small, the bulk of the terminal voltage arising 
from voltage drop across the stator leakage inductance. 


(9) CONCLUSIONS 


The most important general conclusion drawn from the work 
described is that the general theoretical approach contained in 
Sections 3 and 5 is substantially correct. With the help of this 
theoretical insight it should now be possible to investigate fully 
the performance that can be expected from this type of machine 
in most circumstances. The salient characteristics have already 
been described, but much remains to be done, particularly as 
regards estimating leakage inductance effects and the investi- 
gation and control of stator exit-edge losses. 

On the practical side it appears that efficient machines can be 
made only in large sizes, and that for 50c/s operation over a 
substantial speed range, say 2 or 3 to 1, the rotor diameter would 
need to be at least 24in. This appears to be consistent with 
Russian practice in arch motors, where the power levels are 
in the megawatt range.6 Improved mechanical design may 
permit some reduction below this figure, but it seems improbable 
that it will be very great. 

Much smaller machines can, of course, be made and they can 
have extensive speed ranges—5:5 : 1 has in fact been achieved— 
but efficiency and power factor are then rather poor. 
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The theory discussed in Sections 3 and 5, which applies to 
all short-stator machines irrespective of whether the field is 
‘angled’ or not, is of general application; for instance, it applies 
to liquid metal pumps,7 shuttle propulsion schemes,® aircraft 
launchers,? arch motors and so on. Furthermore, it may be 
that some process of loss comparable to that described in the 
theory may exist in conventional machines owing to variation of 
air-gap around the periphery; the short-stator machine is merely 
an extreme case.!° It may prove possible to explain some part 
of the. so-called ‘stray load losses’ of conventional machines in 
this way. ‘ 

Further work on this subject is proceeding along two main 
lines. A rather larger spherical machine on a different mech- 
anical plan permitting increased pole pitch is being designed 
using the principles described in the paper. When this has been 
tested it should be possible to make a fair assessment of the 
practicability of the spherical machine. The second line of 
development lies in replacing the mechanical adjustment of 
skew used in the spherical machine by an equivalent electrical 
adjustment on a cylindrical machine using phase-shifting trans- 
formers. It has already been established that speed ranges 
in excess of 3 : 1 can be obtained in this way, but experiments 
have not yet proceeded far enough for the efficiency to be 
predicted. 

Although attention in theory and experiments has been con- 
centrated on the performance of the machine as a motor, it is 


clear that similar principles govern its behaviour as a generator. ~ 
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(12) APPENDICES 


(12.1) Calculation of Steady-State Flux Density 


For steady-state conditions all flux and current distributio: 
are sinusoidal and it is permissible to integrate over a pole pitc 
in order to evaluate the magnetizing current required to set up 
given flux density. The flux distribution will, of course, be ii 
space quadrature with the current distribution. 
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Fig. 27.—Flux and current distributions. 


The peak flux density at O (Fig. 27) is calculable from a knov 
ledge of the effective m.m.f. from A to B, i.e. 


p|2 
B 
an | jnds = sed 
Fo 


where g is the gap length and pp the gap permeability, and i 
can be expressed as J, sin (rs/p) with reference to O. Therefore 
pl2 


B= Ar Holm sin ds 
& Pp 


0 


4 
= 3 (293 
whence, b = Bcos zs/p since it is in space quadrature with /,,. 
For u = u, the stator current j, would in the steady state be 


wholly magnetizing and would produce a flux density a 
in space quadrature with J,. 

For u + u, the rotor bars cut the flux at velocity ou, icone 
acquiring a voltage bou, per unit length at right angles to the 
plane of the paper in Fig. 27. The flux distribution is now not 
wholly in space quadrature with J,. It can therefore be resolved 
into components UP = B, sin ars|p in space phase with J, and 
bi, = By cos 7s/p in space quadrature with it. The magnetizing 
currents necessary to set up b;, and b, are accordingly, from eqn. 
(29), 
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The difference between stator and rotor current at any point is 
the magnetizing current. Hence, the rotor current-density may 
be represented as two components j,,, and Jrq Ziven by 
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These components give rise to voltage components PrJpp and 
Pring? OWing to resistance drop, and these voltages must be 
balanced by the induced voltages due to the slip. 

Slipping through flux by, produces a voltage ou, by, in phase witk 
b,, and the equations correlating b, and b, can therefore be 
written 
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. (12.2) Calculation of Rotor Time-Constant, t 
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Fig. 28 shows a half-wavelength of the flux density b, where 
= Bcos mx/p and x is measured from O. 


ok 


Ae atx 
j= Jsin Pp 


Cee 


' fe. 
- The total flux ® contained within a loop such as CD is seen 
{ to be 
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“which is independent of x; and x2 so that it is fair to assume 
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The current j,,, which sets up b produces a resistive voltage-drop 
p-lig —j-) around the loop CD. 
~ This voltage drop is seen to be 
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| which must therefore balance d®/dt, and the time-constant of 


decay of i, will be 
pe ie See 

dt TPS m 
that the currents decay without changing their flow lines. 
~ From eqn. (29) of Section 12.1 
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(12.3) Evaluation of Flux Density at Slip o including Finite Air-Gap 
With reference to Fig. 10, the time elapsed between the ele- 
mentary coil Q entering the stator and reaching the point S 
is tf—?, 
The decaying transient is of the form 
b= Aje-¢-Olr 


where A, is a function of the time of entry and ¢ — @ is the time 
since entry equal to s/u, so that transients have the form 
bY = Ae Sieh (35) 


Section 12.1 evaluates the steady-state flux density as in-phase 
and quadrature components. These can each be expressed as 
waves travelling with velocity u,, i.e. 
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At s = 0 these components must each be cancelled by a transient 
wave travelling at rotor velocity u, i.e ; 
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and similarly b, = B, cos (wt _ 
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The total flux at any point is the sum of the steady-state and 
transient waves, 
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By expanding the second term in each bracket, and grouping in 
sin (wt — ms/p) and cos (wt — zs/p) terms, we obtain 
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The amplitudes of these travelling waves, if the values of B,, By 
and 7 are substituted from eqns. (32), (33) and (34), are: 
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The modifications introduced into Fig. 12 by the more complete 
theory are illustrated in Fig. 13 by a pair of curves for B, and B, 
for the particular case of o = 1/3 and t = 1-25/f showing the 
decay of B, to the steady-state power flux and the decay of B, to 
the steady-state magnetizing flux. 


(12.4) Calculation of Terminal Voltage for Constant Current 


The flux wave in the gap has been calculated for the simple case 
in Section 3.1, and it is expressed in terms of components b, and 
b, in eqns. (10) and (11). The travelling wave of flux density 
may therefore be written: 


pa B, sin (ot — a) + B, cos (wt -=) 
Pp Dp 
where B, and B, are functions only of s. 
For an elementary strip of the stator surface of length ds and 
unit width in the direction at right angles to the direction of 
motion of the fields, the electric force E is such that 
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By substitution from eqns. (10) and (11) 


oF ae P Gai 7S 
= sin sin {( wt — — 
os Ou, 1—o p ( = 


WILLIAMS, LAITHWAITE AND PIGGOTT: BRUSHLESS VARIABLE-SPEED INDUCTION MOTORS 


1 7) cos (wt ~) | 
=a a Ey a P 


_ rds cos (oS and — Cos (wt — 
TOR. jp v—G@ 
whence 
phe ie pes) or _ws mos 
Ou, 7 p-- pa — @) 


+ Bein on —7)} = 8 ain (on —2) 


Ss 


20 Oe sin (ot == =) 
7 pu o) Pp 


pii—so). ° aos _ 7s 
4 POR sin 7 005 (wt = 78) | 


np 
ig EJ | 
The power input to the block is given by | 5 *dS, where E; 
is the component of £ in phase with J,. 5 


Thus the power input is given by 
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The reactive power (volt-amperes) Q; is given by 
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where E, is the component of E& in quadrature with J,, and 
therefore 
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The difference between P; and the output Fu may be confirmed 


using eqn. (16); it is in fact found to equal the rotor copper 
loss p,J2np]2. 
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DISCUSSION ON THE ABOVE TWO PAPERS BEFORE THE UTILIZATION SECTION, 
ISTH NOVEMBER, 1956 


Mr. E. M. Briscoe: I should like more information on this 
machine with 50c/s supplies. I appreciate that it has been 
necessary to use higher frequencies for experimental purposes, 
but this makes it more difficult to assess its potentialities either 
as a large machine or as a small variable-speed machine. 

It would be interesting to know how the variable-speed machine 
in a large size would compare, for instance, with a Ward Leonard 
set. To-day it is necessary not only to have variable speed but 
also to control the torque at different speeds, which means some 
form of feedback to keep the desired characteristics: a Ward 


Leonard system with electronic control would be of great assis: 
tance, and I do not see how this could be done with the spherical 
rotor machine. 

Will the authors amplify their statement that ‘the machin 
should preferably be large’, giving the horse-power or frame siz 
they have in mind? 

With the rather complicated rotor construction and the methox 
of construction (winding solder round the rings and heating then 
until it melted), it is not surprising that there are losses whicl 
cannot be accounted for; in the fractional-horse-power motor i 


well known that, with die-cast rotor bars, certain things must 
done to the rotor to relieve the extra losses set up by the 
intimate contact of the die-cast aluminium and the steel. 

| Mr. W. Hill: Many applications call for translation rather 
Totation, but the latter is used for convenience, e.g. the 
rifugal pump and the lift. Indeed every form of modern 
A sport in some way aims at translatory rather than rotating 
notion. Real progress was made in air transport when the 
eller was replaced by the jet or the rocket engine, which 
eems essentially a simpler way of getting from A to B. It is 
therefore possible that the authors’ demonstrations will mean to 
ustry what the jet engine has meant to air transport: they 
how a linear motion which could be adopted in many aspects 
yf industrial life. 

Would it be possible to use some form of linear accelerator to 
{move trains? Efficiency may not be so important, because 
m locomotives have a very low efficiency, but the overhead 
smission lines would be eliminated; all that would be neces- 
are regularly spaced linear accelerators, and these need not 
energized all the time—the approach of the train could easily 
> arranged to initiate the energizing of the coils. 
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half-speed effects, have the authors experienced anything of this 
nature in their linear motor? 

If the shuttle motor corresponds broadly to a salient-rotor 
machine, the variable-speed induction motor could be described 
as a salient-stator machine; and since some of the difficulties 
associated with it appear to be due to the end-effects of the 
linear arrays, there is something to be said for constructing a 
movable stator which is continuous and can be rotated as a 
whole. I believe that the authors have considered something 
similar, and should be interested to learn their experience with 
such a construction. 

Mr. F. Najmabadi: The practical possibilities of this develop- 
ment are best assessed by comparing its performance data with 
those of other variable-speed combinations, e.g. the Ward 
Leonard set, the Schrage motor and the a.c. commutator motor. 
While the Schrage motor gives speed variations in discrete steps, 
the others, including the spherical motor, have infinitely-variable 
speed characteristics. Furthermore, the spherical motor should 
operate at a slip of 1/(7 + 1) for maximum efficiency, so that if 
the number of poles is less than 5 or 6, it is virtually a high-slip 
motor having inevitably a poor efficiency. Table A and Fig. A 


Table A 
3 COMPARISON OF VARIABLE-SPEED DRIVES GIVING 14-7H.P. AT 750-375 R.P.M. 
| 3 Efficiency Power factor 
; Type of machine -| Power/weight | Relative cost 
High speed Middle speed Low speed High speed | Middle speed | Low speed Fallo 
setting setting setting setting setting setting 
| | F OE oe % h.p./Ib a 
i) Schrage 3 719 78 67 0-99 Ona. 0-65 0-008 8 380 
}| Ward Leonard 65 63 60 — — = 0-008 400 
t} A.C. commutator .. 76 78 77 0:9 0:75 0-65 0-007 1 450 
Spherical ae 61 68 nS 0-84* 0-83* Osis 0:0105 zie 
; + 80 
{| Squirrel-cage (14h.p. at 500r-p.m.) — 85 — — 0:71 — 0-018 100 


a) 
| Dr. R. L. Russell: When two 3-phase supplies of opposed 
| phase rotation are connected to opposite ends of an orthodox 
}3-phase winding,* a salient-pole rotor, with or without a single- 
I phase winding, will rotate with an angular velocity corresponding 
to half the difference between the angular frequencies of the two 
{supplies and will thus behave as a differential. If this principle 
tis applied to a linear array one has an example of what, in classical 
physics, is termed wave interference (indeed the expression 
9, = 2pfis, in different guise, simply the familiar relation between. 
ithe velocity of wave propagation and the product of wavelength 
and frequency). The shuttle or rotor will move at a difference 
frequency, or, when the two supply systems have the same fre- 
i quency, it will be held in a fixed setting determined by their 
Itelative phase displacement. The ability to position a linear 
moving element merely by using a phase-shifter may well be 
} useful. 

| What the authors have done is not to superimpose the two 
travelling waves in one array, but to arrange two separate opposed 
arrays end-to-end. What are the possibilities of using the 
\cylindrical equivalent of this arrangement to give opposed 
| rotating fields in each half of a multi-polar winding and thus to 
! achieve self-sustained angular oscillation? The rotor of such 
| a device would clearly have to be of an unusual shape, and since 
| saliency or asymmetry in cylindrical machines usually leads to 


H 


Hopces, N. W.: “The Application of Counter-Rotating Fields 
d Indicating Devices’, Proceedings I.E.E., Paper No. 1628 M, 


178), Fig. 1. 
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* Taken from Fig. 21 of the paper (at preferred slip, which is probably optimistic). 


+ 80% contingencies. 
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Fig. A.—Comparison of theoretical efficiencies of Schrage and 
spherical motors. 


Spherical motor. 
—-—-—-— Schrage motor. 


(i) Top speed. 
(ii) Middle speed. 
Gii) Bottom speed. 


compare the performance data for a spherical motor with a 
14in rotor, which should develop about 14h.p. at a middle 
speed of 500r.p.m., with other comparable variable-speed sets. 
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The formula used to derive the efficiency figures for the 


spherical motor is 
n X 100 


Dp de, 


(7-5% for ‘torn out’ watts, stray load, iron, friction and windage 
losses). ; 

The decrease in efficiency with increasing speeds need not in 
itself be an undesirable feature. The high cost of the spherical 
motor is occasioned by the special manufacturing features, e.g. 
machining the rotor to a spherical contour, building the stator 
blocks, mechanism for rotating the stator blocks, etc. However, 
it compares favourably with other variable-speed combinations 
for its performance data, superior power/weight ratio and lower 
cost. 

Finally, I would ask the authors to discuss the operation of this 
motor at constant voltage, which is obviously of great practical 
importance. 

Mr. R. D. Ball: Have the authors reached any further con- 
clusions regarding end-effects from References 2-5? 

Whereas the conventional induction motor has a continuous 
or ‘ring’ stator, the authors’ devices employ a discontinuous or 
arc stator in which end-effects are produced. Whereas in a ring 
stator the rotor, after starting, is conditioned continuously into 
the right phase, in the arc stator the raw unconditioned rotor 
experiences a transient current and must slip a pole before it does 
any work; this seems to be the reason why the efficiency is 
(n—1)/n. Fig. B shows a simplified version of Prof. Shturman’s? 
calculations, the full line being for the 4-pole arc rotor and the 
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Fig. B.—Approximate speed/torque curves for arc and ring stators. 


broken continuation for a 4-pole ring stator; the difference is 
made up by a distorted 5-pole field which acts as an induction 
brake at slips below 1/(n + 1), giving a no-load slip of 0-05 and 
a harmonic torque which is half the maximum fundamental 
torque. 

Fig. C shows backward torques and slips at no-load against 
the reciprocal of pole number, where the 13-3-pole point is from 
Rezin,* the 4-pole point from Shturman? and the others from 
the authors’ motor, which show that the ratio (backward 
torque)/(maximum torque) is 2/n per pole and the slip is 0-25/n 
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Mr. R. D. Ball: One of the most outstanding demonstrations 
given when the paper was read was the oscillating metal plunger 
within a glass tube surrounded at the lower end by a stack of 
polyphase coils, the oscillations being almost constant in ampli- 
tude and frequency, without the use of switches. The analysis 
of the performance of this essentially simple apparatus, however, 
requires rather complex functions of distance and time, which 
apparently can be solved only by recourse to phase-plane analysis. 
Did the authors use an electronic calculating machine for this 
purpose ? 


* The discussion at Manchester was confined to the first paper (page 93). 
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Fig. C.—Backward torque and slip at no load. 


per pole and is zero for a ring stator where n = ©. The task wi 
be to devise means to overcome the end-effects of arc stators. 

Have Messrs. Laithwaite and Lawrenson applied their princip} 
to single-phase pendulum clocks? 

Mr. B. Adkins: The squirrel-cage motor, although very simp} 
in operation, offers many possibilities of trouble from suc; 
things as parasitic torques, extra losses, vibrations and locki 
phenomena. These matters have been studied extensively, b 
even in ordinary motors they are still liable to cause trouble 1 
the design is unusual. Has the authors’ design been immun: 
from what may be called the normal troubles of squirrel-cag: 
induction motors? For example, some of the diagrams indicat 
that the windings have only one slot per pole per phase ane 
would therefore produce fairly large harmonic fluxes. 

In order to make the spherical motor work when the angle a 
the stator is not zero, the rotor must be provided with a numbe: 
of intermediate rings connecting the bars together. This migh 
give rise to extra losses in a manner similar to that experience 
in the early days with the cast-aluminium squirrel-cage rotor 
before the technique of insulating the rotor bars was developed 
Because the aluminium made more intimate contact with th 
iron than copper bars normally do, current flowed through the iror 
between adjacent bars. Apart from the direct losses in the iron 
there was a non-uniform distribution of current in the main bars 
and so a loss of torque. Although the motors usually producec 
a reasonable standstill torque, the torque at low speeds wa 
greatly reduced, and in some motors the effect was sufficient t 
prevent their running up to full speed. 

Mr. J. C. Hopkins: In the linear acceleration of charge 
particles use can be made of a travelling wave to increase th 
energy of a particle, and there is, electrically, no limitation o1 
the ultimate energy which can be obtained. Considering th 
analogy between this and the machine which has been described 
what are the electrical limitations to the speed which can b 
imparted to a rotor of the type the authors have built? 


[The authors’ reply to the above discussion will be found o; 
page 122.] 


AT MANCHESTER, 11TH DECEMBER, 1956* 


The effect of a short rotor (i.e. less than two pole-pitches) 
referred to in Section 8. Would this be due to the ratio of roto 
length to block length or to the fact that it requires at least tw 
pole-pitches to enable the magnetic circuit to be completed ? 

The demonstration of the shuttle model suggested that this ; 
arranged for constant speed; since it may be necessary to chang 
the speed to suit the different materials to be woven, would it b 
possible to sectionalize the multi-polar track and twist the statot 
in the manner of the spherical motor for speed control? 

Mr. J. G. Winterbottom: The conventional loom is driven b 
an individual motor through the medium of, say, a V-drive, an 


e velocity of the shuttle and thus the number of picks per 
ute are dependent on the efficiency of the transmission. Any 
degree of slip will reflect itself in loss of speed of the shuttle, 
w th a consequent reduction in weaving efficiency. The self- 
oscillating motor-shuttle ensures beyond doubt that :the pre- 
termined picking speed will be maintained throughout the 
eaving process without variation. 
_ It is noticed that the amplitude and frequency of oscillation are 
pendent upon V, and R/X. These variables would provide for 
erent picking speeds and weights of cloth being woven. How 
‘can the synchronous speed of the linear stator field be altered at 
| will? Do the authors envisage a self-contained frequency- 
changer to enable wide ranges of picking speeds to be produced? 
- Two of the principal motions within a weaving machine are 
the firing of the shuttle containing the weft thread from one side 
| of the machine to the other, and the beating up of the weft 
thread after each passage of the shuttle has been completed. 
With the self-oscillating shuttle design, it is obvious that the 
- beat-up motion will have to be driven by a separate driving unit. 
Can the beat-up drive be electrically tied to the shuttle propulsion 
_ to ensure perfect synchronism between these two motions? 
ig Finally, it would appear that, after a period of running under 
normal load, heating might occur within the shuttle body, and 
e consequences of a heated element passing across warps of 
‘synthetic yarn might be serious. Has this condition been con- 
‘sidered, and would not the double-sided system be the answer? 
Alternatively could there be means of heat insulation within the 
metal shuttle casing itself? 
_ Dr. D. Morrison: The authors have devised. and constructed a 
“mechanism whereby a shuttle may be accelerated and decelerated 
smoothly over the full length of a track, thus reducing very con- 
‘siderably the acceleration involved for a given distance travelled 
in a given time. It is still, however, an open question whether 
) this mechanism could be used to increase the running speed 
4 of a power loom, since loom speeds depend just as closely on 
4 the dynamic difficulties associated with the sley motion as with 
“those associated with the shuttle motion. In a traditional 
loom, the shuttle passes through the warp threads in approxi- 
j “mately one-third of the total time for one cycle. This fraction 
| varies, again by tradition, according to the relative breadth of 
" the loom, and it would appear theoretically possible to establish 
| this relative time as a function of some non-dimensional expres- 
sion of loom breadth. On general design considerations it would 
| be assumed that, if a method is found of decreasing the difficulty 
ie associated with one particular function, the logical way to make 
} use of this would be to decrease the time allowed, and hence 
| the authors should envisage a loom in which the time allowed for 
t AA shuttle flight is rather less than the one-third of total already in 
} common use. An analogous situation probably arises in the 
| ~ design of a transformer for minimum bulk, where if a core 
iy ‘material of higher permissible flux density were made available, 
| the best use would be made of this by decreasing the relative size 
| of the core. 
An idealized example could be given showing the values liable 
to occur in weaving practice, as follow: 
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Me Useful length of shuttle travel .. ee 60in 
Time for one complete cycle of operation 0-3sec 
Time for shuttle to pass through warp. . 0-1sec 
Shuttle speed through warp 600 in/sec 


Shuttle acceleration and deceleration over 74in 
at each end outside useful travel. 
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T ; (600)2 
herefore, average acceleration ax i 
= 24000 in/sec2 
Peak acceleration about 1:6 times this - 
(theoretically 77/2). 
Therefore, peak acceleration = 24000 x 1:6 
= 38 400in/sec2 
= 99:4¢ 


If electromagnetic propulsion permits uniform acceleration 
and deceleration of the shuttle over the same total distance of 
75in with steady accelerations of ~ 99-4g, the time for a total 
travel of 75in is 0:0884sec and the time to travel the central 
60in is 0:0488sec. This is a big improvement on the time of 
shuttle flight, but if the sley motion remains unaltered—and this 
is optimistic in view of the probably increased sley weight—the 
total time for one pick is reduced only from 0-3 to 0-2 + 00488 
= 0-248 8sec, which would amount to an increase in weaving 
speed of just over 20%. 

Mr. A. Cotton: Contrary to the authors’ view, the high 
acceleration of a shuttle driven by a picking stick is an advantage, 
since the function of a loom is to produce cloth quickly and 
cheaply. Ina loom of 48 in reed space weaving at 180 picks/min 
(which is about normal for an automatic loom) the total time 
for one pick is 0-33 sec, of which the time for the shuttle in the 
shed is less than 0-11sec. If the shuttle accelerates more slowly, 
a greater time for the passing of the shuttle will be required. 

The power taken for the shuttle in this loom would not be 
more than 0-25h.p. out of a total of 0-75h.p. for the complete 
loom. This compares with the 100kVA for the model demon- 
strated and at a power factor which would require a capacitor as 
large as the loom itself. 

Improper striking of the shuttle occurs but infrequently, and 
is then usually due to some mechanical defect. Against this the 
authors’ loom requires the timing of the various other functions 
of the loom from the shuttle. This would appear to present a 
greater problem to ensure perfect synchronism of the heald 
movement and the beat up of the sley, and to obtain shuttle 
passage at the correct time. Since the sley and heald move- 
ments are oscillatory, perhaps the driving of these parts by self- 
oscillating induction motors will be considered. 

Mr. A. F. M. Ashworth: One. point which appears to have 
been overlooked in the paper is the loss occurring in the shuttle 
during acceleration and deceleration under the influence of the 
travelling magnetic fields, as a direct consequence of its inertia. 
It the shuttle reaches synchronous speed during its travel, the 
energy loss during acceleration from rest to synchronous speed 
equals the kinetic energy at synchronous speed and during 
deceleration from synchronous speed to rest, and the loss is 
three times this value. If the shuttle weighs 5 1b and the synchro- 
nous speed is 50 ft/sec, the energy loss in the shuttle during one 
pick is 776 lb-ft; and at 200 operations per minute this represents 
a shuttle loss of 3:51kW. It is therefore obvious that it will 
be necessary to minimize the weight of the shuttle and to incor- 
porate an efficient spring system at each end of the track to 
decelerate and reaccelerate the shuttle and thereby increase the 
efficiency of the machine. 

Mr. Cotton points out that in the conventional ‘pick stick’ 
machine the power input is approximately $h.p. Can the 
authors foresee a commercial self-oscillating induction motor 
which could compete in efficiency with existing systems of 
shuttle propulsion ? 


[The authors’ reply to the above discussion will be found overleaf.] 
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THE AUTHORS’ REPLY TO THE ABOVE DISCUSSIONS 


Prof. F. C. Williams, Messrs. E. R. Laithwaite, P. J. Lawrenson 
and L. S. Piggott (in reply): Much development work has been 
carried out since the papers were written, and some of the results 
of this work are particularly relevant to Mr. Briscoe’s contribu- 
tion. We regret that it is impossible to discuss these results in 
detail in the space available, but Mr. Briscoe’s point regarding 
Ward Leonard systems is answered in part by Mr. Najmabadi. 

Train propulsion by the use of linear motors was suggested 
about 50 years ago but never seems to have found favour. How- 
ever, Mr. Hill’s point that rotary machines are generally used 
to produce linear motion is quite a profound one, and certainly 
in connection with the motions in a loom we consider that the 
linear motor may be advantageous. 

Dr. Russell’s suggestion regarding linear position control is 
interesting. We have been able to use a linear motor both as 
a magslip and as an M-type motor for position control, and see 
no reason why Dr. Russell’s suggestion should not result in a 
useful device. Self-sustained rotary oscillation is made difficult 
in small machines, because of the high acceleration necessary 
to attain synchronous speed from rest in half a revolution. We 
have so far experienced no half-speed effects with linear machines 
with short rotors. 

We are grateful to Mr. Najmabadi for the work he has put into 
the production of Table A, which appears to show the spherical 
motor in quite a favourable light as regards both power/weight 
ratio and initial cost. Present development work is concerned 
with constant-voltage operation, but this aspect is too compli- 
cated to be discussed here. 

The Russian publications, particularly those due to Shturman, 
derive the properties of short-stator machines in a different way 
from the present paper, but the results are very similar. Mr. 
Ball’s graph, which shows results from three separate sources, 
certainly confirms this. While the Russian papers derive their 
results in a strictly mathematical manner, we believe that our 
approach to the problem is more likely to lend itself immediately 
to the design of this type of motor. 


DISCUSSION ON OSCILLATING SPHERICAL, AND SHORT-STATOR INDUCTION MOTORS 


With regard to Mr. Ball’s suggestions on the oscillating motor 
the principle has not yet been applied to clocks. The effect o 
the short rotor is thought to be due only to magnetic locking) 
phenomena, and a rotor spanning only 4 pole pitch is capable 
of attaining synchronous speed on a linear track. We did used 
a digital computer for some of the analysis. The angled-field 
principle may be applied to linear arrays in the manner suggeste 
by Mr. Ball, and this offers one solution to Mr. Winterbottom’s 
question of variable picking speed. The beat-up problem is: 
complicated and is under investigation at the present time. We 
consider that the double-sided system can provide an answer 
to the shuttle-heating problem. | 

The spherical motor appears to be free from locking pheno 
mena by the very nature of its construction. Some evidence 
of stray load loss has been found, but not to any serious: 
extent. No serious effect from non-uniform current distri- 
bution, such as that described by Mr. Adkins, has so far been 
observed. 

While there is no theoretical limit to the linear velocity of ai 
travelling field, there appears to be some very definite reason] 
why a linear array which has been bent into a circle to join) 
up with itself cannot produce a rotor speed in excess of that 
produced by a 2-pole machine. This aspect is still under: 
investigation. 

Mr. Morrison’s contribution appears to answer Mr. Cotton’s} 
first point excellently. The main advantages of electromagnetic} 
shuttle propulsion appear to be the reduction of noise and! 
wear, and greater reliability. Speed, as Mr. Morrison shows, . 
is only a secondary advantage. It is fairly clear that: 
linear motors consuming only 1-2kW can be designed to) 
replace the early demonstration model to which Mr. Cotton. 
refers, and we have for some time been investigating a system. 
using end-springs, as described by Mr. Ashworth, to minimize 
the rotor energy loss. Such a system also suggests the possi- 
bility of driving the heald and beat-up movements from the 
shuttle itself. 


. SUMMARY 

s The electrical insulating properties under pressure of a number of 
}halogenated methane compounds and sulphur hexafluoride are com- 
pared ; sphere-sphere and point-sphere electrode configurations, and 
a ternating, direct and impulse voltages are used. The influence of 
. is also investigated. Of the gases studied, sulphur hexa- 
{fluoride and difluorodichloromethane (known commercially as 
Arcton 6) have the most favourable properties for high-voltage 
Jinsulation, and additional data are provided for the comparison of 
: these two gaseous compounds. This includes (a) power-frequency 
| breakdown-voltage characteristics of admixtures with nitrogen in 
uniform and divergent fields, (6) the comparison of the radio and 
power-frequency uniform-field breakdown voltages at atmospheric 
pressure, (c) the breakdown-voltage characteristics for a number of 
concentric-cylinder electrodes at various gas pressures with alternating, 
| direct and impulse voltage, (d) the surface flashover-voltage/gas- 
pressure characteristics of solid insulation subjected to various forms 
| of tangential stress. 

1 Data pertaining to electronegative gases are compared with corre- 
{sponding data for nitrogen under the same conditions and with 
transformer oil at atmospheric pressure. 

_ Chemical and physical properties, such as decomposition in the 
} presence of electrical discharges and vapour pressure characteristics, 
and economic factors are considered in assessing the suitability of 
1 sulphur hexafluoride and difluorodichloromethane as insulants for 
| high-voltage equipments. 

- Factors contributing to the high electric strength of some electro- 
negative gases are briefly discussed. 


(1) INTRODUCTION 


_ The potentialities of compressed gases for the insulation of 
electrical apparatus have been appreciated for some time, and 
+ there have been a number of practical applications, mainly with 
| air, nitrogen and carbon dioxide. However, the electric strengths 
| of these gases are comparable with those of liquids and solids 
| only when they are subjected to considerable compression. 
| Therefore there has been considerable interest in recent years in 
the electrical properties of complex chlorinated and fluorinated 
» molecular compounds which, in some cases, possess high electric 
| strengths at relatively low gas pressures. This feature of high 
| electric strength is ascribed to molecular complexity! and hence 
to the greater possibility of inelastic non-ionizing collisions 
' and to negative-ion-forming reactions.2-® By the first mechanism 
- such electrons as are created by ionization in the gas are retarded 
| in accumulating energy by the frequent loss of energy on impact. 
Through the second mechanism the average energy required by 
free electrons to cause cumulative ionization is increased. Appre- 
| ciation of the negative-ion-forming reactions and field-modifying 

“mechanisms, particularly in non-uniform fields, has clarified the 
} general picture of breakdown in these gases, but it is too intricate 
for full quantitative treatment. Because of this complexity, 
_ knowledge of breakdown strength depends to a large extent 
| upon experimental determination as a function of pressure and 


' electrode geometry. ; ; 
Although a fair volume of literature has appeared in America 
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on the electrical properties of electronegative gases, there have 
been very few data published on the subject in Britain. The 
paper describes comprehensive sets of experiments which have 
been carried out to assess the performance and suitability of a 
number of halogenated methane compounds and sulphur 
hexafluoride as insulants for high-voltage equipments. 


(1.1) Requirements of Gaseous Insulation : 


The suitability of a gas as an insulant does not entirely depend 
upon its electric strength; physical and chemical properties, 
and economic considerations are also relevant. Gases suitable 
for electrical apparatus should in the main have the following 
properties: 

(a) High electric strength at low absolute gas pressures. 

(b) High saturation vapour pressure at normal room tem- 
peratures. 

(c) Chemical inertness. 

(d) Negligible toxicity. 

(e) High thermal conductivity. 

(f) Availability and cheapness. 


(2) COMPOUNDS SELECTED FOR EXAMINATION 

Table 1 gives the gases selected, their boiling-points at atmo- 
spheric pressure, and a summary of relative electric strengths 
obtained by different workers for uniform field conditions at 
atmospheric pressure with nitrogen as the datum. 

The gases were obtained in steel cylinders from commercial 
sources, and Appendix 12.1 gives the probable impurities present 
in the various compounds. 


(3) PRESSURE CHAMBER AND ASSOCIATED EQUIPMENT 

A schematic showing the layout of the pressure and vacuum 
systems is given in Fig. 1. The electrical tests, involving the 
determination of breakdown and surface flashover charac- 
teristics, were carried out in Pyrex glass pressure cylinders 
having internal diameters of 6 and 3in and a length of 24 in. 

The gases were cleaned of mechanical impurities by chemically- 
pure glass wool, dried through a column of activated alumina 
and finally filtered through a porous sintered glass plate with 
pores measuring 5-10 x 10-4cm before being admitted to the 
pressure chamber. The complete system could be evacuated to 
a pressure of less than 0:01mm Hg by the use of two oil 
diffusion pumps in series, backed by a standard rotary oil pump. 
In the pressure system industrial-scale glassware was used with 
Neoprene gaskets between joints. Freezing traps were incor- 
porated as shown to prevent contamination of the pressure 
chamber by mercury vapour from the McLeod gauge and oil 
vapour from the diffusion and rotary pumps. 


(4) EXPERIMENTAL PROCEDURE 
In making breakdown and surface flashover tests with alter- 
nating and direct voltages, the voltage was raised quickly to 
80-90% of the expected breakdown value and subsequently in 
small increments, with a pause at each step, until breakdown 
occurred. The measurement of breakdown voltage was made 
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Table 1 
RELATIVE ELECTRIC STRENGTH OF GASES IN UNIFORM FIELDS WITH NITROGEN AS DATUM 


One atmosphere absolute pressure 


Gaseous compounds 


Boiling-point Relative electric strength 


Sulphur hexafluoride SF¢ 


Carbon tetrafluoride CF4 
(Arcton 0) 

Trifluorochloromethane CF3Cl 
(Arcton 3) 

Difluorodichloromethane CF2Cl2 
(Arcton 6) 


Monofluorotrichloromethane CFC; 
(Arcton 9) 
Trifiuoromethane CHF; 
(Arcton 1) 
Difluoromonochloromethane CHF2Cl .. 
Arcton 4) 
Monofiuorodichloromethane CHFCl2 
(Arcton 7) 


i = d di ed for References 10-15, 17 and 19-21, and uniform field electrodes for References 7, 16 and 18. : 
a Be eee dae ae pied iG) and the results in (9) were obtained with plane electrodes with a small hemispherically-ended boss in the centre of the 
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Fig. 1.—Schematic of the pressure and vacuum systems. 


directly across the test gap with a 10-megohm resistor between 
the gap and voltage source to limit the discharge current. A 
rectified capacitor-current peak-voltmeter was used for alter- 
nating voltages; the purity of the waveform was checked by 
means of an oscillograph, and the accuracy of voltage measure- 
ment was considered to be within +1%. Direct-voltage 
measurements were made by recording with a substandard 
microammeter the current at the earthed end of a 1000-megohm 
high-stability 100-kV resistor immersed in transformer oil; 
voltage measurements were considered accurate to within 
tele yy/43 

With standard 1/50microsec impulse voltages, the voltage 


ee 
— 62:0 2-497: 2-3-2-5(8): 1-863): 1-604): 2-42): 
2-452 - 6209) 
—128-0 1-108); 0-903); 1-004); 2-207) 


ae Res 1-23(13); 1-35(14) 
— 29-8 2-56): 2-4-2-508): 2-0): 2-400): 2-690: 
2-502); 2-0503): 1-904): 3-005); 2-509): 
2-65(20); 2-65(18) 

23-7 4-47): 3-4-4(8): 3-000): 2-65(13) 
— 84-0 0- 68114) 
— 40:8 1-014) 


8-9 1-330) . 
References are in brackets. 


was increased in 1% steps to breakdown from a level 80-90% , 
of the breakdown value obtained in the first instance using; 
greater voltage steps. For the measurement of peak voltage and | 
the determination of waveshape, a sealed-off high-speed cathode- 
ray oscillograph was used in conjunction with a resistor divider} 
Resistance was inserted between the external front capacitor of | 
the generator and the test gap to limit the discharge current; 
the time-constant of this resistance and the gap capacitance was — 
small, and therefore any error in the measured voltage on the. 
gap was negligible. Allowing for the various errors in measure-_ 
ment and recording, the voltage measurements were considered. 
accurate to within +1%. . | 

The number of breakdowns, taken at 4-min intervals, which 
were necessary to obtain mean values was generally in the region — 
of 10 when the spread of individual results was small, but it 
exceeded 40 in certain cases; the breakdown values obtained 
during the conditioning of electrodes were not included in the 
averaged values. (Detailed statistical data are not provided in 
the text, but typical values for coefficients of variation are given 
for uniform and divergent field measurements.) 

For tests involving solid insulation the number of breakdown 
values that could be obtained on each sample was severely 
limited through damage to the insulation which occurred some- 
times within two or three voltage applications; a mean was 
therefore obtained by averaging results of a number of samples. 

The corona onset voltage for certain electrode arrangements 
was determined by observing, with an oscillograph, the voltage 
developed across a resistor inserted in the earth connection of 
the electrode assembly. 


(5) BREAKDOWN OF GASES 


Breakdown data were obtained for a number of field con- 
figurations as functions both of electrode spacing and absolute 
gas pressure under normal and irradiated conditions; irradiation 
was obtained from a capsule containing 0-5 mg of radium placed 
opposite the electrode gap on the outside surface of the pressure 
chamber. Temperature measurements were taken during the 


tests and appropriate corrections were made for changes in gas 
density. 
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(5.1) Sphere-Gaps 

f The electrodes were S5cm diameter brass spheres with a 
( ‘decorative’ chrome finish. The large pressure cylinder was used 
w th an earthed copper mesh screen, adjacent to the inner glass 
surface, to eliminate the risk of charge deposition on the glass 
_and to maintain constant geometry; close proximity of the 
insulating walls of the test chamber was considered by Nonken?2 
to have influenced the results of Camilli and Chapman.!4 How- 
ever, in the cases of nitrogen and difiuorodichloromethane, results 
_ were obtained with and without the mesh screen and there was 
no detectable difference in the sets of breakdown values; the 

‘Screen was fitted as a precautionary measure. 
Breakdown data for the compounds and transformer oil (for 
comparison) are summarized in Table -2. There was little 


= 
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results were obtained by the addition of nitrogen. Arising from 
the higher boiling-point of monofluorotrichloromethane, the 
partial pressure was not maintained with the addition of 
nitrogen, and liquefaction occurred at total gas pressures in 
excess of 30Ib/in? absolute. For these gases, the results at 
other than atmospheric pressure are not very significant. Table 3 
gives the coefficients of variation for the breakdown values with 
power frequency, direct and impulse voltages at atmospheric 
pressure and an irradiated gap of Icm. 

The electric strengths of the halogen derivatives of methane 
fall progressively as chlorine atoms are replaced by fluorine 
atoms in both the CF,Cl, and CHF,Cl, families; in the latter 
series the replacement of a halogen atom by hydrogen causes a 
marked decrease in the electric strength and an increased 


Table 2 


BREAKDOWN DATA FOR SPHERICAL ELECTRODES 
(SPHERE DIAMETER 5 CM) 


| difference between positive and negative values with either 
| direct or impulse voltages, and therefore only the negative values 
|} have been reproduced. With monofluorodichloromethane 
| (CHFCI,) and monofluorotrichloromethane (CFCI;), which 
| have boiling-points above 0°C at atmospheric pressure, the 
/pure gas breakdown-voltage/gap characteristics could be deter- 
‘mined only at atmospheric pressure; at other pressures the 


VoL. 104, ParT A. 


Breakdown voltage 
Relative cleeinic Impulse ratio 
ft t a 
} Absolute Power frequency Negative direct Negative impulse aks 
- Compound oS sae a 
F spheres Sphere gap, cm 
0-5 1-0 0-5 1:0 0-5 1:0 0:5 1-0 0:5 1-0 
; kV kV kV kV kV kV 
3 Transformer oil 1 110-0 | 218-0 268-0 6°36 6-86 2:44 - 
SF6 1 45-0 86-0 44-0 83-5 47-7 91-3 2:6 Dil 1-06 1:06 
D 79-0 161-0 91-0 171-0 2:47 2°87 kos} 1:06 
3 25) 218-0 134-5 244-0 2:48 2:68 1-19 1-12 
4 143-5 268-0 175-0 309-0 2:47 2°53 1-22 LIES 
CF, 1 18-3 36°5 16-2 325 20-5 44-0 1:06 1:14 Tho 12 
(Arcton 0) 2 36-6 71-4 41-0 85-0 ies ls} 1-27 1:13 1:19 
3 55-0 104-5 60:5 1-21 1:28 1-10 
4 71-6 79-0 1:23 1-10 
CF3Cl 1 25-0 47-2 23-0 46-0 42-5 Toe) 1-44 1-48 Led 1-48 
(Arcton 3) 2 .48-°5 90-5 70-0 1-52 1-61 1-44 
3 vhles) ieSsy7/ 
4 93-5 1-60 
CF2Cl2 1 47-6 90-6 46-3 87-5 50-2 96-0 2:74 2:84 1-05 1:05 
(Arcton 6) , 89-0 160-0 90-0 167-0 2°78 2°85 1:01 1-04 
3 122-5 228-0 122-5 232-0 2:70 2-80 1-00 1:02 
4 152-0 282-0 152-0 285-0 2:62 2:67 1-00 1-01 
CFCl; 1 65:0 | 129-0 | 65-0 16:5 3:76 | 4:05 | 1-18 
(Arcton 9) Dig 96°5 3-02 
3* | 119-0 2-62 
CHF; 1 Gee | 2865.) LA Re i 27B-n| MES BAe ssdcOval| 0915 "150-00 ) 1°19 je 1-09 
(Arcton 1) 2 29-5 BE) 27-5 52/5 0-92 0:95 0-93 0:98 
3 41-0 78:0 38-0 12) 0-90 0:97 0-93 0:97 
4 52-0 100-5 49-5 97-5 0-90 0-95 0-95 0-97 
CHF,2Cl1 1 Se es IR et ly fa fee 9-77 ee To Wi Ty FT 
(Arcton 4) 2 40-0 | 74:5 37S ee Ot 125" 4330, la 94 0} 0295 
3 Suey 108-0 54°5 1D 1:32 0:94 
4 74-5 1-28 
CHFCh 1 aoeowees-1 4 29-7 | 58-4. |..4358 (| 87:0.) 1:86 11:98 | 1:36.95) 1738 
(Arcton 7) Pp 50-0 93'5 * 1:56 1-67 
3* 66:5 1-46 
4* 81-5 1-40 


* Nitrogen added to compound exerting one atmosphere absolute pressure. 


tendency to decompose in the presence of discharges. From 
the results of Table 2 only sulphur hexafluoride (SF,), difluoro- 
dichloromethane (CF,Cl,) and monofluorotrichloromethane 
(CFCI;) have electric strengths well in excess of nitrogen; 
the last is not a satisfactory compound since it is liquid at 
standard atmospheric conditions (20°C and 760 mm Hg). 

Fig. 2 gives the breakdown-voltage/gas-pressure and break- 
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400 


BREAKDOWN VOLTAGE, PEAK kV 
N 
[e} 
e} 


° 
ABSOLUTE GAS PRESSURE , |b/in* 


Fig. 2._Breakdown voltage between 5cm diameter spheres for sulphur hexafluoride and difluorodichloromethane 
eis, aS functions of gas pressure and pd [pressure (lb/in2) « gap (mm)]. 


Table 3 


COEFFICIENT OF VARIATION FOR BREAKDOWN VALUES RECORDED 
AT ATMOSPHERIC PRESSURE WITH AN IRRADIATED SPHERE 
GAP OF 1:0CM 


Coefficient of variation 


Negative 
impulse 


Power 


frequency Negative d.c. 


OS 


mh OO WNW OO 
* 


SF o3 

CF, (Arcton0) .. 
CF3Cl (Arcton 3) .. 
CF 2Cl, (Arcton 6) 
CFCl; (Arcton 9) .. 
CHF; (Arcton 1) .. 
CHF>,CI (Arcton 4) 
CHFCl, (Arcton 7) 


orooocoo,, 
Doak IRAD SS 

° 
RIDGCAGAEASN 


HU 
* 
ONNKENUAK 


* 0-6cm gap. 


down-voltage/pd relations, where d = gap separation in milli- 
metres and p = absolute gas pressure in pounds per square inch, 
for sulphur hexafluoride and difluorodichloromethane. 

In Table 4 the results of r.f. measurements (about 1 Mc/s) 


Table 4 


RADIO-FREQUENCY BREAKDOWN DATA AT ATMOSPHERIC 
PRESSURE USING SPHERICAL ELECTRODES 


CF,Cl2 SF6 
Breakdown voltage Breakdown voltage 


Radio 
frequency 


Power 
frequency 


Radio 
frequency 


Power 
frequency 


kV peak 
27-0 
37-9 
46-3 


kV peak 
29-5 
39-0 
47-6 


kV peak 
26:4 
34-9 
44-3 


Sphere diameter 5cm; frequency 980-990 ke/s; radium used. 


with sulphur hexafluoride and difluorodichloromethane are 
recorded with the corresponding power-frequency values for 
comparison purposes. With difluorodichloromethane, the 
electrodes rapidly deteriorated during the rf. measurements, 
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becoming covered with carbon deposits, and sometimes soot 
smoke was evolved in the volume of the arc between the elec 
trodes. To obtain consistent results the electrodes had to 
frequently cleaned and the pressure chamber filled with fresh 
gas. With sulphur hexafluoride a white deposit, presumably, 
sulphur, appeared on the electrodes only after prolonged use. 
The limited number of results support the findings of other 
workers*3-?5 that the r.f. and 50c/s breakdown voltages of these: 
gases are substantially the same for identical conditions. 1 
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Fig. 3.—Breakdown characteristics between spheres for difluoro- 
cichloromethangsniirogen and sulphur hexafiuoride-nitrogen 
mixtures. 


Total gas pressures, 31-7 and 61 -71b/in?; gaps, 2 and 5mm. 
----— Sum of breakdown values for individual constituents. 
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5.1.1) Mixtures of Difluorodichloromethane and Sulphur Hexafluoride 
with Nitrogen. 

Gas mixtures were obtained by admitting oxygen-free nitrogen 
atmospheric pressure to an evacuated system, adding the 
bg uired quantity of halogenated compound and then i increasing 
the pressure to the required value with nitrogen. 

q Fig. 3 gives 50 c/s breakdown voltages for sulphur hexafluoride 
and difluorodichloromethane as a function of the percentage 
artial pressure exerted by the gases in admixtures with nitrogen. 
The electric strength of each mixture is greater than the sum 
of those of the individual gases exerting their respective 
‘partial pressures, and 75-80% of the electric strength of the 
pure halogen compound is obtained with mixtures containing 
“either 10% by pressure sulphur hexafluoride or 2070 by pressure 
Aiffuorodichloromethane. 


(5.2) Point-Sphere Gaps 

_ Non-uniform field conditions frequently prevail in electrical 
apparatus. For the study of this the breakdown voltage between 
a hemispherically-ended tungsten cylinder of 0-198cm diameter 
| and a 5cm diameter sphere with a ‘decorative’ chrome finish 
‘Was measured. The large pressure chamber, fitted with an 
‘earthed mesh screen, was used. 
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Typical curves showing the variation of the power frequency, 
direct and impulse breakdown voltages with gas pressure at a 
number of gap settings for sulphur hexafluoride (SF,), carbon 
tetrafluoride (CF,), trifluorochloromethane (CF,Cl), difluoro- 
dichloromethane (CF,Cl,) are given in Figs. 4-7. Table 5 gives 
typical values of coefficients of variation for the breakdown 
values of these compounds with power frequency, positive 
point d.c. and impulse voltages; the pressure point selected for 


Table 5 


COEFFICIENT OF VARIATION FOR BREAKDOWN VALUES 
RECORDED FOR NON-IRRADIATED 1:5CM POINT-SPHERE GAP 


Coefficient of variation 


Gas 
pressure 


Compound Positive 


impulse 


Power 


Positive 
frequency fo) 


Ib/in2 absolute VA Ge 
SF6 31-7 1°3 0:7 
CF, (Arcton 0). 51-7 0:8 0:3 
CF;3Cl (Arcton 3) 41-7 0:6 0:8* 
CF>2Cl, (Arcton 6) 31-7 0:6 0:6 
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Fig. 4.—Breakdown voltage for sulphur hexafluoride with point-sphere electrodes. 


uency, positive d.c. and impulse. 
c. and impulse. 


Positive d.c. and impulse with radium. 
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Fig. 6.—Breakdown voltage with trifluorochloromethane and point-sphere electrodes. 


Power frequency, positive d.c. and impulse. 
—-——-— Negative d.c. and impulse. ; ; F 
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Fig. 7.—Breakdown voltage with difluorodichloromethane and non-irradiated point-sphere electrodes. 
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-~— -— Negative d.c. and impulse. 
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Fig. 8.—Breakdown voltage with point-sphere electrodes for monofluorotrichloromethane at atmospheric pressure 
and nitrogen added to obtain higher pressure. 


Power frequency, positive d.c. and impulse. 
—-—-— Negative dic. and impulse, 
- eee ee Power frequency, positive d.c. and impulse with radium. 


each compound is lower than the pressure at which the break- 
down voltage is a minimum, i.e. at a point where corona precedes 
reakdown. Fig. 8 gives the curves for monofluorotrichloro- 
ethane to which nitrogen was added to give gas pressures in 
Cess of one atmosphere. Where the results with normal and 
n adiated conditions coincide or are within 1-2°% of each other, 
i. curves corresponding to the unirradiated conditions only 
| have been given. The data for nitrogen and transformer oil 
4s included with the curves for sulphur hexafluoride in Fig. 4. 
ata for the CHF,Cl, family of compounds do not show any 
features which are not present in the other compounds, and so 
they have not been reproduced. 
_ The region of negative slope in the breakdown voltage curves 


is characteristic of the electronegative gases, and at pressures 
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lower than that at which the breakdown voltage is a minimum 
(the critical pressure), visible corona occurs before breakdown 
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| Fig. 9.—Corona inception and breakdown voltage characteristics for 
j difluorodichloromethane and sulphur hexafluoride. 
----- Corona inception voltage. 


} as illustrated by the curves in Fig. 9. At pressures higher than 
the critical value breakdown coincides with corona inception. 
| The other significant features of the curves can be summarized 
| as follows: 

(a) The negative slope, following the voltage maximum, increases 
with increasing electric strength of the compound. 

(6) Except with d.c. and impulses of negative polarity, the break- 
down voltage increases slowly with electrode separation at pressures 
above the critica] value. 

(c) For a given compound the critical pressure increases with 
electrode separation. 

(d) The effect of irradiation at pressures in the region of and in 
excess of the critical value is to reduce the breakdown voltage 
appreciably for gaps in excess of 10mm; with smaller gaps the 
breakdown voltage tends to be lower over the whole pressure range. 

(e) The impulse breakdown voltage is less than the d.c. value, 
when the point is anode, at pressures below the critical value, for 
the CF,Cl, family of compounds and sulphur hexafluoride with 
the exception of carbon tetrafluoride. , ‘ 

(f) The shape of the characteristic for the negative point d.c. is 
similar to that for the positive point for difluorodichloromethane; 
unexpected shapes also occur with the curves for trifluorochloro- 
methane and sulphur hexafluoride. 


In the case of sulphur hexafluoride (20, 15 and 10mm gaps) 
| and monofluorochloromethane (20mm gap) with positive-point 
‘dc. there were two distinct breakdown characteristics for the 
| pressure region below the critical value (see Figs. 4 and 8). 


(5.2.1) Mixtures of Compounds including Nitrogen. 

Some measurements were made with mixtures of two electro- 
| negative gases, the results of which are given in Fig. 10. It is 
| evident from these curves that the performance of these gases 
ican be improved under non-uniform field conditions by 
| utilizing various compound combinations. It is of interest to 
} record that the negative slope could not be eliminated and only 
} one critical pressure region occurred. Detailed consideration 
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Fig. 10.—Positive point d.c. breakdown voltage for various 
electronegative gas mixtures. 


. Carbon tetrafluoride at 111b/in? with difluorodichloromethane added. 

. As above with carbon tetrafluoride at 14-7 Ib/in2. 

As above with carbon tetrafluoride at 25-7 1b/in2. 

. Difluorodichloromethane at 14-71b/in2 with sulphur hexafluoride added. 
. Sulphur hexafluoride at 14-:71b/in? with difluorodichioromethane added. 
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of these characteristics is complicated by the varying proportions 
of constituents with increasing pressure, but the limited number 
of results indicate that further work on these mixtures would be 
useful. 

Power-frequency characteristics for sulphur hexafluoride/nitro- 
gen and difluorodichloromethane/nitrogen mixtures are given 
in Fig. 11. The curves for sulphur hexafluoride were obtained 
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Fig. 11.—Power-frequency breakdown voltage for admixtures with 
nitrogen and point-sphere electrodes. 


(a) Sulphur hexafluoride. 
— 46-71b/in2 absolute. 
-~----- 31-71b/in2 absolute. For the pure gas at 31-7lb/in2 there are two stable 
breakdown values (see Fig. 4). 
(b) Difluorodichloromethane. 
61-7 1b/in2 absolute. 
------ 31-7 lb/in? absolute. 
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at total gas pressures corresponding to the pressure at the voltage 
maximum (31-7 Ib/in?), and the critical gas pressure (46-7 lb/in?) 
of the pure gas. For difluorodichloromethane, total gas 
pressures in the region of the critical pressure of the pure gas 
(31-71b/in2) and 61-7 1b/in? were used. These curves provide a 
further illustration of the useful insulating properties of these 
gas mixtures in non-uniform fields at certain spacings. 

From the electrical data obtained with uniform and divergent 
field electrode arrangements, only sulphur hexafluoride and 
difluorodichloromethane appeared to be suitable for use as 
high-voltage dielectrics; subsequent work was therefore confined 
to these two gases. 


(5.3) Coaxial Cylinders 


The breakdown characteristics of concentric-cylinder electrodes 
are important in high-voltage work through the application of 
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Fig. 12.—Electrode assembly for cylindrical field. 
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such field forms for compressed-gas capacitors and cables; the 
electrode arrangement used to obtain these data for the com: 
parison of sulphur hexafluoride (SF,), difluorodichloromethane} 
(CF,Cl,) and nitrogen is shown in Fig. 12. Brass inner electrodes} 
of 20-0, 9:96, 4-94 and 2:61 mm diameter connected by a wire} 
to the top plate of the pressure chamber, and copper electrodes 
of 1:22 and 0:56mm diameter (18 and 24s.w.g.) stretched! 
between the Perspex pillar and the shaft of the micrometer head, 
were used; these electrodes had ratios of outer diameter, A 
(30mm), to inner diameters, a, 1-5, 3-0, 6-1, 11:5, 24-6 and 53- 6., 

A lead-through insulator located in the base-plate of the: 
pressure chamber enabled the centre section of the external: 
electrode to be earthed through a resistor for the detection of! 
the corona inception voltage; it also provided means for deter-. 
mining whether breakdown had occurred to the main elena 
or to the guard-rings. 

Figs. 13-15 give the relation between the prealdownaoteaae 
and the ratio A/a for sulphur hexafluoride, difluorodichloro- 
methane and nitrogen; the complete curves for nitrogen have 
been included because there are considerable conflicting experi- 
mental data for this gas, and much of the published work is; 
not very recent. The most difficult results to obtain were with 
nitrogen and positive d.c. (inner conductor positive) at ratios off 
Aja in excess of 11:5. Two completely stable breakdown values} 
could be obtained as illustrated by the curves in Fig. 15; the 
lower practically coincided with the corona inception voltage; 
this anomalous behaviour was not associated with either sulphur 
hexafluoride or difluorodichloromethane. 

The main features of the curves are as follows: 


(a) For small values of A/a the positive d.c. breakdown is higher 
than the negative, but at larger ratios the curves intersect and the 
polarity effect is reversed; for nitrogen the point of intersection is 
not precise. Uhlmann26 ‘obtained results with air at atmospheric 
pressure similar to those obtained in the present series of tests for 
in casey cared 8 gases; the transition point for air occurred at! 

a = 10. 

(b) With the electronegative gases, the power-frequency curves 
lie between the positive and negative d.c. curves from A/a = 1-5 
approximately up to the transition point and then closely follow 
the positive. At A/a = 1-5, the power-frequency breakdown) 
voltages are slightly higher than the d.c. values and as the field 


approaches uniformity the percentage difference increases. 
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Fig. 13.—Breakdown voltage for sulphur hexafluoride between coaxial cylinders, _- 
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(c) The intersection of the positive and negative impulse break- 
down voltage curves occurs for all three gases. 

(d) The characteristic negative slope of the breakdown-voltage/gas- 
pressure curves associated with electronegative gases and point- 
sphere electrodes is again observed and begins in the region of 

Ala = 11-5; at Aja = 54 the maximum and minimum in the 
breakdown-voltage curve for sulphur hexafluoride are very well 

_ defined, and impulse ratios which are less than unity occur with a 
positive point. : 

(e) The corona inception voltage coincides with the breakdown 
voltage for values of A/a smaller than that at which the positive 
and negative direct-voltage curves intersect. 


Table 6 gives the power-frequency relative electric strengths 
| for the two compounds at atmospheric pressure and for the 
| whole range of A/a values used. 


(6) FLASHOVER OF A GASEOUS/SOLID INTERFACE 
The use of any electrode system with a gaseous medium must 
| invariably involve solid insulation in some part of the structure; 
| it is therefore of interest to be able to assess the flashover voltage 
‘characteristics of this insulation with various electrode forms. 
The number of possible arrangements is unlimited. Three 
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Fig. 14.—Breakdown voltage for difluorodichloromethane between coaxial cylinders. 
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Fig. 15.—Breakdown voltage for nitrogen between coaxial cylinders. 


Power frequency, positive d.c. and impulse. 
———- Negative d.c. and impulse. 


Table 6 


POWER-FREQUENCY RELATIVE ELECTRIC STRENGTH FOR CON- 
CENTRIC-CYLINDER BREAKDOWN DaTA AT ATMOSPHERIC 
PRESSURE 

(Nitrogen as datum) 


F530 GN6e 1 IES 124°6 3153*6 
2-36 | 2-28 | 2°36 | 2:25 | 2°28 | 2°56 


3-20 


Conductor ratios 

Difluorodichloro- 
methane (CF2Cl2) 

2-27 | 2-22 | 2-28 | 2:43 | 2:88 


Sulphur hexafluoride 
(SF6) 


examples were selected giving different forms of tangential 
stress on the solid insulation. In series arrangements of solid 
and gaseous dielectrics, where the total gap is small, the influence 
of the gaseous medium is not significant. Dielectric combina- 
tions involving the puncture of solid insulation were not con- 
sidered, since only small spacings could be accommodated in the 
equipment. 
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(6.1) Plane Electrodes 


The power-frequency fiashover-voltage/gas-pressure charac- 
teristics were determined for solid porcelain cylinders (10-O0mm 
long and 15mm diameter), between plane circular metallic 
electrodes (70‘0mm diameter) with rounded edges. This 
arrangement gives a uniform tangential stress along the surface 
of the porcelain, provided there are no discharges at the ends 
of the cylinder. To eliminate the difficulties experienced by 
Trump and Andrias27 with porcelain in compressed nitrogen 
and ascribed to imperfect contact between the porcelain and 
electrodes, the ends of the cylinders were ground fiat and 
coated with graphite. The results are plotted in Fig. 16. The 
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Fig. 16.—Flashover voltage of porcelain cylinders between plane 
electrodes. 


Flashover voltage. 
ee---- Breakdown voltage of gas between plane electrodes. 


surface flashover strength benefits substantially from the electric 
strength of the gaseous medium. [If field distortion arising from 
variations of surface resistivity, surface irregularities, corona 
discharges at the ends and the presence of bound charges could 
be eliminated, the flashover voltage would approach the gas 
value. 
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(6.2) Foil Electrodes 


Samples were formed by wrapping copper foil (0-004 in thick 
round 3in diameter resin-bonded paper tubes and securing th 
foil by means of clips. This arrangement gives tangentia 
stresses which are concentrated at the edges of the electrodes. 

Curves illustrating the results are given in Fig. 17 for sulph 
hexafluoride and difluorodichloromethane; data for nitroge 
and transformer oil are included. For comparison, a numbe 
of breakdown-voltage values were obtained using the same. 
electrode form without the solid insulation. Sulphur hexa-; 
fluoride, in spite of the pronounced voltage minimum, has: 
better surface flashover-voltage characteristics than difluoro-: 
dichloromethane. Both gases give considerably higher flashover 
voltages than nitrogen, and sulphur hexafluoride at the higher 
pressures is comparable with transformer oil. 


(6.3) Cylindrical-field Electrodes 


The third form of tangential stress considered was that pro- 
vided by an arrangement of concentric electrodes; this gave a 
higher stress at one electrode. A circular earth plate, which was 
made from brass 0:125in thick, had six symmetrically placed 
holes of 30-0mm diameter cut near the outer edge. The 
materials tested were made the same size as the earthed plate; 
by means of a template, holes were drilled in the insulation to 
locate the sample in the correct position and to allow six 0-56mm 
copper wires to pass through. Extreme care was necessary 
when drilling the small holes for the inner conductors to ensure 
that the holes were clean and that no burrs or scratches appeared 
round the circumferences; when assembled, the inner conductors} 
were concentric with the holes cut in the earthed plate. Studding 
on the top plate of the structure allowed any slack in the inner’ 
conductor to be taken up and the wire put under slight tension; } 
the projecting studding also made it possible, by means of a 
rotating arm, to select one sample at a time. Test samples were} 
made from laminated Bakelite and Perspex sheets 0-25 in thick. , 

Both materials were tested with negative and positive impulse 
and power-frequency voltage in sulphur hexafluoride and 
difluorodichloromethane; for comparison, Perspex was tested | 
in nitrogen. The surface flashover-voltage/gas-pressure charac- 
teristics are given in Fig. 18; breakdown-voltage curves of the: 
gaseous medium alone, obtained with the same electrode sizes} 
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Fig. 17.—Flashover voltage of synthetic-resin bonded-paper tube between foil electrodes. 


Flashover voltage of solid/gaseous interface. 
Breakdown voltage between foil electrodes with the solid insulation removed. 
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| Fig. 18.—Flashover voltage of Bakelite and Perspex between coaxial 
electrodes. 
Flashover voltage of solid/gaseous interface. 


------ Breakdown voltage between coaxial electrodes with solid 
insulation removed. 


(Section 5.1.3), are also included although it is to be appreciated 

‘) that, with the sharp edges on the earth plate of the structure, the 
two systems are not strictly comparable. 

As with foil electrodes, the flashover voltages of both materials 

are higher in sulphur hexafluoride than in difluorodichloro- 

methane. 


(7) CHEMICAL AND PHYSICAL PROPERTIES 
(7.1) Stability and Toxicity 


Difluorodichloromethane.—At room temperatures there is 
neither corrosion nor decomposition in the presence of structural 
metals. Midgeley and Henne?® have shown that at 175°C the 
compound is still stable in the presence of carbon steels, alu- 
minium, copper, Monel metal, tin and tin-lead solders, but 
there is some reaction with phosphor-bronze, brasses and 
magnesium alloys. Moisture always causes instability at 175°C. 
} The compound is non-toxic. Chlorine is the only toxic element 
' produced by decomposition of the gas by electrical discharges. 
Sulphur Hexafluoride.—Constructional materials are unaffected, 
and the gas is non-inflammable and heat-resisting at temperatures 
up to 800°C. There is no reaction with water, acid or alkalis, 
' and under the influence of heat the gas is not affected by 
hydrogen; oxygen, phosphorus, selenium, carbon, copper, 
silver, etc. The compound is not toxic. However, the com- 
| mercial product contains small quantities (see Appendix 12.1) 
of the lower sulphur fluorides, such as disulphur decafluoride 
| (S2Fj0), which is extremely toxic. Decomposition of the gas by 
electrical discharges also produces these toxic compounds. 


| (7.1.1) Chemical Stability in the Presence of Discharges. 
To investigate the dissociation that occurs and the effect of 
the decomposition products on metallic and non-metallic 
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materials, sulphur hexafluoride and difluorodichloromethane, at 
atmospheric pressure, were subjected to high-energy discharges. 

The tests were carried out in a Pyrex glass cylinder (15 in long 
and 2-S5in diameter) fitted with tungsten-ended cylindrical 
electrodes, spaced so that the flashover voltage in the gas to be 
tested was approximately 70kV (peak); the materials which 
were to be subjected to the decomposition products of the gas 
were placed in the cylinder. When assembled the system was 
pumped down to approximately 0-:1mmHg and then filled 
with the gas to atmospheric pressure. The electrode system was 
connected through a 40-ohm resistor to a 0:2-uF capacitor 
which was allowed to charge until the gap in the test cell 
flashed over; a hundred impulses were applied to each gas 
sample. Similar tests were carried out in a test cell containing 
the same materials and activated alumina pellets. The sealed 
cells were observed over a period of time. 

The materials were: copper, brass (one side half-covered with 
Frigelene and the other half-covered with shellac), mild steel, 
zinc, aluminium, tinned copper wire, enamelled copper wire, 
p.v.c.-covered wire, and polythene radio-frequency cable (U.R.39). 

Sulphur Hexafluoride Decomposition of the gas produces 
lower-valency fluorides of sulphur,2? and fluorides of any 
metals which are exposed to the decomposition products. 
Copper was the first metal to show signs of attack, and this 
occurred within forty-eight hours. After eighteen weeks, the 
samples were taken out of the glass cylinder and examined. 
The samples showed varying degrees of attack. The metals, in 
decreasing order of signs of corrosion, were brass, mild steel, 
copper, zinc, tin (tinned copper) and aluminium; on the last 
there were no signs of corrosion. Frigelene, shellac and enamel 
provided adequate protection, and non-metals gave no indication 
of damage; the corrosion which took place could not be 
considered serious. 

The lower-valency fluorides, sulphur monofluoride (S2F), 
sulphur difluoride (SF>), sulphur tetrafluoride (SF,) and disulphur 
decafluoride (S2Fj9), liberated during dissociation, form acidic 
substances in the presence of moisture. Activated alumina 
effectively removed all acidic and oxidizing decomposition 
products from the gas, since, in the test carried out in the presence 
of alumina pellets, the metallic samples showed no sign of attack. 

Difluoredichloromethane.—The gas partially decomposes pro- 
ducing chlorine, trifluorochloromethane (CF;Cl), small yields 
of carbon tetrafluoride and tetrafluorodichloroethane (C,F,4Cl,).3° 
In the presence of the decomposition products, metal chlorides. 
rather than fluorides are formed; this was confirmed by the results. 
obtained, i.e. such readily identified compounds as zinc chloride: 
(ZnCl,) and stannous chloride (SnCl,) were formed. 

The copper sample showed signs of attack within a few hours, 
and after seven days all metallic samples except aluminium 
showed corrosive effects. After nineteen weeks the cylinder 
was opened and the samples examined. As far as the metallic 
materials were concerned, the order of severity of corrosion was. 
the same as that for sulphur hexafluoride, except that the 
corrosive intensity was greater and the aluminium was affected; 
Frigelene, etc., again provided protection. Non-metallic 
materials, except p.v.c., showed no obvious signs of attack; 
p.v.c. had a waxy feel which was not normal for the compound. 

Samples tested in the presence of activated alumina pellets 
showed no signs of having been affected. 

The conclusions to be drawn are that corrosive effects arising 
from the decomposition products are not serious under the test 
conditions employed, and that the corrosive decomposition 
products are easily and effectively absorbed by activated alumina. 
It is probable that with sustained power-frequency arcs far more 
extensive decomposition would take place, but with the use of 
gaseous mixtures employing nitrogen, which have electric 
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strengths comparable with the pure electronegative gas, the 
corrosive effect is likely to be considerably reduced, since the 
number of complex gas molecules will be smaller for a given 
volume. 


(7.2) Vapour-Pressure Characteristics 


Gases cannot be operated at pressures higher than the satura- 
tion vapour pressure corresponding to a particular temperature, 
and therefore when used in equipments likely to be subjected to 
low temperatures it is essential for the operating gas pressure to 
be selected so that any fall in temperature does not result in 
saturation. So long as a compound remains in the gas phase, 
the electric strength will be constant for a fixed density; if 
saturation occurs under constant-volume conditions, the density 
falls and the electric strength follows approximately the vapour- 
pressure characteristic. Fig. 19 gives the vapour-pressure 
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Fig. 19.—Saturated vapour pressure characteristics. 


Curves can be expressed approximately as: 


Sulphur hexafluoride, logi9 p = 7-28 — * 


1105 


Difluorodichloromethane, logjy p = 7:3 — T 


where p = pressure, mm Hg. 
T = absolute temperature. 


characteristics (as curves and formulae) for sulphur hexafluoride 
(SF,) and difluorodichloromethane (CF>Cl,). 

On the basis of these relations sulphur hexafluoride is superior 
to difluorodichloromethane for applications where the tem- 
perature variation may be large, and particularly where tem- 
peratures below 0°C are likely. 

The relationship between pressure and temperature over the 
range 10-60°C was linear, indicating that the compounds 
behaved as perfect gases, a fact confirmed by the consistency of 
breakdown of a fixed sphere-gap. 


(7.3) Thermal Conductivity 


Heat transfer with gases is not so rapid as with liquid insula- 
tion; as compared with transformer oil, larger cooling surfaces 
are required and a greater volume of dielectric must be circulated. 
This is partly off-set since with gaseous insulation it is possible to 
operate at higher temperatures; the limit for transformer oil is 
90°C. 

Heat conductivities are as follows: 


Transformer oil at 0°C—7-75 x 10-5 joule/sec/em2 °C/em 
__ at 100° C—7-27 x 10-5 joule/sec/em2 °C/em 

Sulphur hexafluoride at 25°C—1-7 x 10-5 joule/sec/cm2 °C/cm 
Nitrogen _ at 0°C—1:39 x 10-5 joule/sec/em2 °C/cm 
Difluorodichloro- at 30°C—0:56 x 10-5 joule/sec/em2 °C/cm 
methane at 88°C—0-70 x 10-5 joule/sec/em2 °C/cm 


Appendix 12.3 gives other physical properties of sulphur 
hexafluoride and difluorodichloromethane. 


HOWARD: INSULATION PROPERTIES OF COMPRESSED ELECTRONEGATIVE GASES 


(8) ECONOMIC FACTOR 


On the basis of providing the same power-frequency electric 
strength in a uniform field, the relative costs of oxygen-free 
nitrogen, transformer oil, difluorodichloromethane and sulpht 
hexafluoride in this country are in the ratio 1: 6:7 : 94; the 
interesting feature is the comparable costs of transformer oil anc 
difluorodichloromethane. 

Similar figures cannot be given for non-uniform fields in 
general; the ratios depend upon the type of electrode arrange- 
ment and the gap. 


( 


(9) DISCUSSION 


Over a wide range of pressure, sulphur hexafluoride and di- 
fluorodichloromethane have electric strengths under uniform 
field conditions which are more than twice that of nitrogen at} 
the same pressure, and at approximately 3 atmopsheres absolute: 
pressure their strengths are comparable with that of transforme 
oil. If they are used in place of nitrogen, equipment strength, 
weight and cost can be reduced; the saving in weight by dispensing: 
with transformer oil might be more than made up by the necessity, 
for heavier walls to withstand pressure. A valuable feature iss 
that with uniform fields electric strengths are independent of 
frequency. 

With non-uniform fields, the power-frequency and direct- 
voltage breakdown values are four or more times as great as: 
with nitrogen under the same conditions; the performance of! 
these gases is inferior to that of oil except for small gaps at high 
pressures. In the pressure regions where high electric strengths 
occur, breakdown is preceded by intense corona, and to make 
full use of the electric strengths solid insulation should be ke 
clear or alternatively must be capable of resisting deterioration 
arising from corona. If the normal practice of designing; 
equipment to operate without discharges is maintained, working | 
pressures of at least 45 and 351b/in* absolute for sulphur hexa-- 
fluoride and difluorodichloromethane are required. At pressures | 
below the critical gas pressure the breakdown voltage increases } 
rapidly with electrode spacing, except in the case of sulphur: 
hexafluoride under impulse conditions, but at higher pressures; 
the positive and power-frequency breakdown voltages increase} 
slowly with electrode separation, and a situation might well! 
occur in which considerable increase in gap failed to give any’ 
appreciable increase in breakdown voltage. This aspect requires | 
further study. The concentric cylinders are a particular non-: 
uniform field condition, and for large ratios of diameters the: 
voltage characteristics conform to those of the point-sphere: 
arrangement. 

For general outdoor use, only sulphur hexafluoride in the: 
undiluted state has a suitable vapour-pressure/temperature 
characteristic, but both, in undiluted form, are suitable for 
indoor applications. The dilution of the gases with nitrogen, 
which does not seriously affect the electric strength of either in 
uniform or non-uniform fields, has the advantages of saving in 
cost, lowering of the saturation temperature for a given total gas 
pressure, and reducing the severity of the effects arising from the 
dissociation of the gas molecules when subjected to corona or 
flashover. For a total gas pressure of 601b/in? absolute, dilution 
of difluorodichloromethane with nitrogen to give a partial 
electron-negative gas pressure of 151b/in? lowers the saturation 
temperature from 9°C to —29°C; the lowering of the electric 
strength in a uniform field is approximately 20°%. 

The surface flashover data show that the flashover voltage 
of solid insulation benefits from the electric strength of the 
gas. In practical series insulation arrangements involving 
gaseous and solid dielectrics, since the dielectric constants of 
solid insulation are much greater than those of gases, the voltage 


distribution is worse than it would be in similar transformer- 
_ oil/solid-insulation arrangements; data must therefore be 
- accumulated for practical gaseous/solid-insulation combinations. 
_ With the use of absorbents, such as activated alumina, the 
_ dissociation of electronegative gases should not be a serious 
morn. _ Camilli and others?> have shown that the pressure 
_Tise associated with electrical breakdown (power arc) in sulphur 
meesatinoride is only a fraction of that developed in liquid-filled 
equipment; unlike liquid dielectrics the pressure rise appears 
to be from thermal expansion of the gas rather than from the 
| formation of large amounts of dissociation products. 

_ The various negative-ion-forming reactions which influence 
the electric strength of electronegative gases are briefly dis- 
cussed in Appendix 12.2, A semi-quantitative treatment to 
, explain much of the experimental breakdown data in uniform 
and divergent fields will be the subject of a further com- 


A (9.1) Conclusions 


Two gases, sulphur hexafluoride and difluorodichloromethane, 
seem to be worth considering for high-voltage insulation. It is 
} not possible to state without qualification the best gas, gas 
} mixture and ideal pressure, since the choice depends upon the 

_ size and the geometry of the gap, and whether the surface flash- 
- over of solid insulation is involved. In general, sulphur hexa- 
fluoride (SF,) has the better physical, chemical and electrical 
| properties and is to be preferred to difluorodichloromethane 

(CF,Cl,). 
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(12) APPENDICES 
(12.1) Probable Impurities in the Gaseous Compounds 
The impurities are shown in decreasing order of magnitude 


for each compound, and where no precise figures are given the 
impurities, in the opinion of the manufacturer, are not present 


in detectable amounts. 


Carbon tetrafluoride CF4 
(Arcton 0) 


Trifluoromethane CHF3 
(Arcton 1) 
Trifluorochloromethane CF3Cl 
(Arcton 3) 
Difiluoromonochloromethane 
CHF>Cl (Arcton 4) 
Difiuorodichloromethane 


CF2Clz (Arcton 6) 


Monofiuorodichloromethane 
CHFCl, (Arcton 7) 


Monofiuorotrichloromethane 
CFC; (Arcton 9) 


Sulphur hexafluoride SF, 


Nitrogen 


(1) CF 
(2) C3F3 


(1) CHF2Cl 
(2) CHFClz and CH2F2 
(3) CHCl; and CH2Cl2 


(1) CF2Cl2 
(2) CFCl; and CCl4 


(1) CH2F2 (approximately 0-05 %) 
(2) CHFCl, (traces detected) 
(3) CHF3 


(1) CF3Cl (approximately 0:01 %) 
(2) CFCl3 (very slight traces) 


(1) CHF,Cl and CHCl; 
(1) CF2Cly and CCl4 


(1) Air (0:29% w/w) 

(2) Water (10 w/wp.p.m.) 

(3) S2Fio Cess than 1 w/w p.p.m.) 

(4) Hydrolysable impurities ex- 
pressed as SF, (6 w/w p.p.m.) 


(1) Neon (approximately 0-1 °%) 
(2) Helium (approximately 0-03 %) 
(3) Argon (less than 50v.p.m.) 

(4) Carbon dioxide (20 v.p.m.) 

(5) Oxygen (less than 10 v.p.m.) 


(12.2) Properties of Difluorodichloromethane and Sulphur 
Hexafluoride 


Difluorodichloromethane (CFyCl,). 


Molecular weight 

Melting point 

Boiling point .. oc 
Critical temperature .. 
Critical pressure G 
Critical density (liquid) 
Density 20°C (gas) .. 5 


Specific heat of vapour in calories/cm/°C at 


0°C 


Dielectric constant (760mm Hg and 20°C)* 


Sulphur Hexafluoride (SF,). 


Molecular weight 
Melting point 

Boiling point = 
Critical temperature .. 
Critical pressure ae 
Critical density (liquid) 
Density 20°C (gas) 


Specific heat of vapour in calories/cm/°C at 


0°Cc 


Dielectric constant (760 mm Hg and 19-4°C) 


120-92 

—158°C 
—29°-8°C 

jG Roe Xe: 

582 Ib/in2 absolute 
0-555 g/cm3 

5-65 g/litre 

0-145 


1-00325 


540 lb/in2 absolute 
0-79 g/cm3 

6:16 g/litre 

0-148 


1:0021; 


* Determined at 9200 Mc/s by Dr. L. Essen, N.P.L. 
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(12.3) Factors influencing the Electric Strength of 
Electronegative Compounds 


For the complex molecular compounds, correlation between 
various physical properties such as molecular weight and 
electric strength has been attempted, but with little success. 
Although correlation has been obtained for the fluoro-carbons | 
hexafluorethane (C)F,), octofluoropropane (C;Fs) and deca- 
fluorobutane (C,F,o) in the form of simple linearity between | 
electric strength and increasing gas density,?! this does not. 
apply to the two halogenated methane families considered, and _ 
there are other notable exceptions. Hochberg and Sandberg? | 
compared measurements of «/p (« = Townsend’s first ionization | 
coefficient, p = gas pressure) as a function of E/p and electric | 
strengths; the results showed that high values of breakdown 
voltage were associated with low values of «/p. They suggested 
that these low values of « were due to high electron-energy 
losses arising from non-ionizing inelastic collisions which should 
be more frequent with complex than with simple molecules. 
There are, however, complex gases with higher values of a 
than a simple gas like nitrogen. The more recent work of 
Harrison and Geballe> with CF,Cl, and CF,SF, shows that in 
fact the ionization coefficient « is about an order of magnitude 
greater than the values previously reported; it attributes the 
apparently low values of « previously determined to a neglect 
of attachment processes leading to the formation of negative 
ions; thus, in general, higher electric strengths would be expected 
for compounds having appreciable electron attachment. The 
case of chlorine, which has a low relative electric strength 
(1:5 that of nitrogen) is covered by the data provided by Harrison 
and Geballe; the attachment coefficient is observed to be larger 
for the halogen-containing molecules than for the same halogens} 
when. free. i 

Many types of ion-producing reactions have been observed 
(principally through the use of mass spectrographs), and the © 
relative significance of the various reactions coupled with the — 
effect. of inelastic non-ionizing collisions control the electric 
strength. | 

The main reactions which take place under electron impact | 
can be summarized for SF¢ and the CF,Cl, family of compounds 
as follows: 


| 
') 


(i) Capture of a free electron by a molecule accompanied by 
vibrational excitation of the molecule and subsequent stabiliza- 
tion. The reverse reaction takes place yielding once more the 
molecule and electron unless the excess energy is quickly removed 
in some way (as kinetic energy of a third body). 

SF, + e -> SFE * > SFE 
CF CL + e=-CF,Cl-* > CF,Cl- 

(ii) Capture of a free electron by a molecule with dissociation 
of the molecule. Where fluorine and chlorine atoms occur 
together in the molecule the most abundant ion is that produced 
when the parent molecule loses a chlorine atom. 

SF, + e—> SF, + F- 
CF,Cl, + e > CF,Cl,_, + Cl- 


(iii) Dissociation of the molecule into positive and negative . 
ions. 


SF, + e—>SF+ +F- +e 
CF,Cl, + e+ CF,Cl#,+Cl- +e 


(iv) Electron multiplication. 


(a) SFg + e > SF¢ + 2e 
CF,Cl, + e > CF,Cl+ + 2e 


(b) SF + e > SF} + F + 2e 
CEG) eekly + Cl 2e 


' 


and 
2 


E: Data on the dissociation products associated with electron 
bombardment for carbon tetrafluoride (CF,) and sulphur 
| hexafluoride (SF,)°? and difluorodichloromethane (CF,Cl,)3 
| show that there is little or no tendency for the formation of the 
_ primary ion (CFj, SF¢ and CF,Cl>); reaction (iva) is therefore 
| unlikely. Reactions (i) and (ii) result in actual capture and 
therefore tend to prevent or quench electron-avalanche for- 
-mation, while reaction (iii) leading to ion-pair formation makes 
/ no contribution to an avalanche. Variations in electric strengths 
are therefore dependent upon the relative probabilities of the 
~Teactions (i), (ii), (iii) and (ivb), and for gases having high electric 
strengths reaction (ivb) would be relatively improbable. 

; Stabilization of excited molecules leading to stable XY— ions 
can occur by radiation and by super-elastic impact. Massey 


Mr. R. Davis: The papers treat special aspects of the problem 
of the gas discharge—one of the most fundamental and fas- 
| cinating in physics. It is fascinating because of the number of 
processes which may be involved, and fundamental because 
| some of these processes may have relevance to solid, liquid and 
nuclear physics. In many gases at normal temperature and 
pressure electrical failure is preceded by electron multiplication 
} leading to the so-called avalanche; electrons are accelerated in 
| the applied field, collide with neutral atoms and produce new 
} electrons, the increase in the number of electrons being 
‘exponential. This primary process is not, in general, sufficient 
| to produce breakdown. For breakdown to occur secondary 
“processes are needed to maintain the process of avalanche 
| formation. These secondary processes may occur in the gas, 
| by collisions between positive ions and neutral particles or photo- 
| ionization, or at the cathode by impact of photons or positive 
ions. Recently a further secondary process has been invokedt 
involving collisions between electrons and excited atoms. The 
| mathematical formulation of these ideas leads to the equation 
- of Townsend, which indicates that the current through the gas 
can increase indefinitely to a value limited only by the external 
| circuit resistance. By applying this equation it is possible to 
| predict the breakdown voltage of a number of gases for both 
“uniform and a range of non-uniform fields where the field 
| divergence is not too great. With highly divergent fields, partial 
breakdown or corona precedes complete breakdown, and space 
| charges are produced which modify the applied field; polarity 
| effects become more significant. In any particular case of gas, 
+ field form or polarity, the problem is one of assessing the signi- 

ficance of any particular process, either primary or secondary. 

Dr. Holt in his paper shows that the primary process of 
avalanche formation is unlikely to be significant for breakdown 
} because of the low ionizing efficiency of the electron at the gas 
) pressures investigated. The main source of the current required 
for breakdown is attributed to electron emission from the cathode 
in the high fields prevailing near breakdown, this current 
increasing rapidly with the field. 


Dr. Howard describes work with electronegative gases which 


* Hott, E. H.: Paper No. 1922 M, February, 1956 (see 103 A, p. 57). 
Dr. Holt is at the University of Jllinois: at the meeting his paper was read by 


Dr. H. Tropper. ¢ ; ; 
t eee G., and VON ENGEL, A.: ‘The Origin of Streamers 1n Spark Discharges’, 


| Zeitschrift fiir Physik, 1956, 145, p. 560. 
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and Burhop34 state that radiation occurs over a relatively long 
period and can usually be ignored, but stabilization by third- 
body collisions may be important if the pressure is not too low; 
the rate of formation of the stable XY~ ion by third-body 
collisions is proportional to pressure at low pressures but is 
likely to become independent of pressure at higher pressures. 
At pressures where electric strength measurements are made 
this reaction might be important. Electron energies will be 
higher for reaction (ii) than for (i), and reaction (iii) which 
starts at a definite energy level and persists to quite high energies, 
is less likely than the others, since electron energies greater than 
ionization energies, i.e. of the order of 20eV, are required. 

The high electric strength obtained by the addition of 
small quantities of electronegative gases, such as CF Cl, and 
SF,, to nitrogen arises from the increased probability of 
inelastic non-ionizing collisions and from the processes already 
detailed, with the exception of reaction (iii); the processes occur 
at potentials below the ionization potential of nitrogen. 


DISCUSSION ON THE ABOVE PAPER AND ON 
‘THE ELECTRIC STRENGTH OF HIGHLY COMPRESSED GASES”* 
BEFORE THE MEASUREMENT AND CONTROL SECTION, 6TH NOVEMBER, 1956 


have the property that electrons readily attach to neutral particles 
to form negative ions, thus reducing the availability of electrons 
for multiplication. The breakdown strength of these gases may 
be expected to be high, as experiment shows. In a companion 
paper Dr. Howard claims that, for much of his experimental 
data, the breakdown field represents a limiting condition where 
the attachment and ionizing conditions approach equality. If 
this is truly the case, it would seem, as with Dr. Holt’s work 
at high pressures, that for the two special cases considered in 
these papers, an electron avalanche of a certain magnitude is 
not a necessary prerequisite for breakdown. 

Mr. F. S. Edwards: In Section 4.2 of the paper by Dr. Holt 
it is stated that the breakdown potential of air is directly propor- 
tional to the gap length, whereas Bruce (in Reference 7 of the 
paper) and many other investigators have shown that the break- 
down potential of air in a uniform field is not proportional to 
the gap length. Could the author reconcile these two contra- 
dictory statements ? 

In Table 4 of the paper by Dr. Howard the power-frequency 
breakdown voltage of sulphur hexafluoride is shown to be 
proportional to the spacing to within less than 1% over the range 
of spacings tested, in spite of the fact that 5cm spheres were 
used and not uniform field electrodes. This proportionality is 
in disagreement with the published data on 5cm spheres in air, 
for which the mean breakdown gradient decreases by about 6% 
over the same range of spacings. Perhaps the theoretical studies 
of the authors will enable them to suggest reasons for the 
difference. 

In Section 8 of the paper the case is excluded in which the 
impulse test voltage is much higher than the power-frequency 
test voltage and where, in consequence, the impulse ratio of the 
insulation becomes important. 

In Table 2 the impulse ratio of oil is given as 2-44, which is 
double the highest value quoted for sulphur hexafluoride, and 
in the column headed ‘negative impulse 0-5cm’, it can be seen 
that, for this spacing, the impulse breakdown voltage of oil is 
over 50% higher than that of sulphur hexafluoride at 4 atm 
pressure. Hence the cost of sulphur hexafluoride, instead of 
being about 16 times that of oil, would be very much greater if 
the impulse breakdown voltage were the decisive factor in the 
design. 

Mr. H. C. Hall (communicated): Both authors have expressed 
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all data in terms of breakdown voltage, and although the reason 
is appreciated, it may be that they are over-cautious and thus 
have stopped short of making interesting generalizations using 
the concept of electric stress. Dr. Holt in Section 4.1 of his 
paper does, in fact, justify ‘normalization’ to a 1mm gap by 
quoting linear relationships which have been found between 
gap length and breakdown voltage. He thus seems implicitly 
to use the idea of a critical breakdown stress. 

There are many instances in both papers where the notion 
of breakdown stress could be used with advantage and simpli- 
fication, although, of course, I do not imply that stress is the 
only criterion for breakdown. In the paper by Howard 
especially, the presentation of the data in Section 5.3 not only 
lacks generality but may be misleading. A striking feature of 
all the curves in Figs. 13, 14 and 15, on which the author does 
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Dr. E. H. Holt (in reply): I would like to record my deep 
appreciation of the service which Dr. H. Tropper of Queen 
Mary College, London University, rendered me in presenting 
the paper in my unavoidable absence. His interest in the work 
has been a great encouragement. — 

Mr. Davis points to the main conclusion of the paper on the 
subject of the spark mechanism. The steps in the analysis 
depend upon the use of the concept of the breakdown gradient 
of the gap. 

I am therefore in full sympathy with Mr. Hall’s comment 
about the insight gained by thinking in terms of the breakdown 
gradient in preference to the breakdown voltage in uniform 
field work. 

In reply to Mr. Edwards, I would point to the agreement 
between the present results and those of Zeier, Howell and 
Trump quoted in Section 4.1 of the paper. It should be empha- 
sized that the gap-length range quoted is between 0-1 and 25mm 
(the work described in the paper is in the range 1-3mm), and 
the work referred to in this range was done at pressures well 
above atmospheric. Bruce, in Reference 7 of the paper, was 
concerned with a much greater range of gap lengths, and records 
only one measurement in the spacing 0-9mm (in fact at 2:39mm). 
Further, his work was carried out at atmospheric pressure. 
Nevertheless, his measurements in the gap-length range 2:39- 
25mm show a linear relationship with the breakdown voltage to 
within the 10% accuracy which can be achieved in the higher- 
pressure work. 

Dr. P. R. Howard (in reply): Paper No. 2260 M on the next page 
shows that the condition for which the ionization and attachment 
coefficients, «/p and 7/p, are equal sets a limiting value on the 
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not comment, is the clearly defined maxima in those of (break- 
down-voltage)/(ratio of the diameters of conductors). These 
maxima all occur at a diameter ratio of about 2-7, and, as is 
well known, this ratio is that for which, for a given maximum 
stress in the region between electrodes (occurring at the surface 
of the inner electrode), the voltage between them is a maximum. 
It is therefore clear that, using the concept of a critical break-- 
down stress, the maxima shown in the Figures are merely conse- 
quences of the system geometry. . 

The data show that, over a range of diameter ratios from 
about 2 to 5, breakdown stresses at the inner electrode tend to 
be constant, but increase as the diameter ratio is further increased; ; 
this is consistent with the development of corona—at least at: 
power frequencies—actually tending to inhibit complete break-- 
down. 


| 
! 


field/pressure ratio E/p below which the onset of discharges, , 
either incomplete (corona) or complete (breakdown), are not: 
possible. This is not quite the same as Mr. Davis’s interpretation | 
that ‘the breakdown field represents a limiting condition where : 
the attachment and ionizing conditions approach equality’. In. 
the equation of the current between parallel plates for electro-- 
negative gases the limiting value of E/p is actually characterized | 
by the condition 7/p slightly greater than «/p, which means that, - 
in the build-up of the pre-breakdown current, electrons are: 
diminishing and being replaced by negative ions as charge: 
carriers. It is difficult to imagine breakdown occurring under ' 
these conditions, and it is probable that, for the passage of a 
spark, the condition «/p > 7/p must hold. This would be: 
achieved with a very small increase of voltage, since, in the region 
of the limiting value of E/p, «/p is increasing rapidly with field 
strength and »/p is generally decreasing. 

The difference, pointed out by Mr. Edwards, between the 
accepted decrease in mean breakdown gradient with sphere 
spacing with air and the apparent constant mean breakdown 
gradient for the same range of spacings with sulphur hexafluoride 
cannot, as yet, be explained by theoretical considerations. The > 
decrease in mean breakdown gradient with increasing spacing 
for sulphur hexafluoride only becomes significant at gaps in 
excess of 6mm. 

Mr. Hall suggests that, if the results had been given in the form 
of breakdown stress at the inner conductor against diameter 
ratio, a greater degree of generalization would have been achieved. 
One difficulty in carrying out the suggestion is to derive the 
ae at the inner conductor when corona precedes break- 

own. 
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SUMMARY 


_ In the paper it is suggested that for electronegative gases, where 
} both ionizing and attachment processes occur, the condition for 
~ breakdown in uniform fields and the onset of discharges, which may 
ie lead to complete breakdown in certain circumstances, in non-uniform 
- fields (with the positive electrode in the high-field region) is that the 
- ionizing and attachment coefficients have the same value. 

_ In non-uniform fields and above a certain critical pressure pc the 
breakdown and discharge inception stresses coincide, but below pe 
they differ; the gaps processes operating in these regions are briefly 
_ discussed. 
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(1) INTRODUCTION 

Some gases possess electric strengths which are much higher 
| than those for air and nitrogen in uniform fields, and exhibit 
unusual breakdown-voltage/gas-pressure characteristics for non- 
uniform fields with a highly stressed electrode of positive polarity. 
| These features, which are dealt with in an earlier paper,! are 
| ascribed to the formation of negative ions, the modes of which 
4 can be expressed in general terms by the following reactions: 


Direct attachment XY +e— XY- 3a oy ©) 
Dissociative attachment XY +e—>X+Y- .. Pras) 
axasrintion into tons’ KY ek + Ye... Gil) 


| where X is usually an atom of carbon or sulphur and Y is a 
halogen atom, usually chlorine or fluorine or a combination of 
both. 

Reactions (i) and (ii) result in actual electron capture and 
| therefore tend to prevent or quench electron avalanche formation, 
while reaction (iii), leading to ion-pair formation, makes no 
contribution to an electron avalanche. 

According to the Townsend theory of electrical breakdown in 
simple gases, the steady-state current flowing in a uniform-field 
| gap is given by 

gud 


1 — (w/a(e4 — 1) 


Ip = Initial photo-electric current. 

d = Electrode separation. 

«and w/« = Primary and generalized secondary ionization 
coefficients. 

If the attachment processes (i) and (ii) are defined by the 
parameter 7 (mean number of attachments per centimetre drift 
| in the field direction in analogy to Townsend’s primary ionization 
} coefficient), and the rate of the reaction (iii) is defined by the 
| parameter A, it can be shown that 


- where 
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In eqns. (1) and (2) the coefficients «, w/a, 7 and A are functions 
of the applied field strength E. More generally a/p, etc., are 
functions of E/p (where p is the gas pressure in mm Hg). 

When for non-attaching gases the growth of the initial current 
Ip follows eqn. (1) the electrode spacing d, at which the current 
becomes self-maintaining and independent of Jp is given by ; 


d= a toe, (~ a a 


wa 


and from this the sparking potential V, (= Ed,) can be © 
evaluated; it is not necessarily the same as that at which a high 
short-circuit current passes or intense luminosity develops. The 
condition (w/a)(e*#4 —1)=1 represents the threshold for 
instability, and this accounts for the close agreement, within the 
limits of experimental error, between the observed sparking 
voltages and values obtained from theory, as shown by Llewellyn 
Jones et al.2+3 For, since a increases rapidly with E in the 
region near (w/x)(e*4 — 1) = 1, the rate of change of the product 
(w/a)(e — 1) as a function of voltage gradient is large. Hence, 
although (w/a)(e*4 — 1) may have to increase well beyond unity 
before breakdown ensues, the observed change in V, for break- 
down may be indistinguishably small. 

If the Townsend criterion is valid for breakdown in electro- 
negative gases, the threshold for a self-maintaining current is 
obtained when the denominator of eqn. (2) is zero, 


(3) 


i.e. (ola) (2*") [eed 1] =1 . . . @ 


Geballe and Reeves‘ have already pointed out that, ifa> 7, 
for sufficiently large values of d breakdown is possible irrespective 
of the values of «, 7, A and w/c; thus, in common with non- 
attaching gases, breakdown for a particular field strength is 
dependent upon d. For 7 > «, however, eqn. (4) approaches, 
with increasing values of d, an asymptotic form 


— (ola (~ ti i a4 
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This is a condition which depends only upon £, and sets a 
limit for E below which no discharges should be possible what- 
ever the value of d. If w/a and X are small compared with unity 
and 7, respectively, the limiting value of E for electronegative 
gases can be derived from the relationship 
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Mass-spectrograph studies indicate that the probability of A is 
low, and experiments in non-attaching gases suggest that w/a is 
in the region of 10~4. 


(2) UNIFORM FIELD BREAKDOWN 


The existence of a limiting value of E has been observed for a 
number of gases. For example, the breakdown voltage with gap 
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length for air at atmospheric pressure has been expressed by a 
number of investigators>»67 by the equation 


V = Ad + Bdl2 
or Eiga Vid) Ac Bi dey eee 


where A and B are constants and d is the gap length. The 
limiting value of E is given by the constant A. 

From ionization and attachment data for air, difluorodichloro- 
methane and sulphur hexafluoride, communicated privately by 
Geballe, the values of E/p for which «/p = y/p [subsequently 
referred to as (E/p),—,] are, respectively, 31-°5,* 117 and 
127 volts/em per mm Hg pressure. At atmospheric pressure the 
corresponding voltage gradients are 23-9,* 89 and 96:2kV/cm. 
Experimental confirmation requires breakdown measurements to 
be made in a very uniform field and for sufficiently large gaps 
in order to obtain a reliable limiting value of E/p; non-uni- 
formity of field would give too low a value. For air, the experi- 
mental data of Bruce,> Ritz® and Holzer’ give limiting voltage 
gradients of 24-22, 24-55 and 23-85kV/cm. From the data 
previously published,! the limiting voltage gradients for difluoro- 
dichloromethane and sulphur hexafluoride are 82 and 87kV/cm, 
respectively; these results were obtained with sphere electrodes, 
which probably accounts for the greater part of the difference 
between theoretical and experimental values. Devins and 
Crowe!! obtained excellent agreement for difluorodichloro- 
methane and sulphur hexafluoride; in each case, with increasing 
values of pd, E/p approached asymptotically the limiting value 
predicted from measurements of «/p and 7/p. 

The measurement of «/p as a function of E/p made by Sandberg 
and Hochberg, neglecting attachment, for sulphur hexafluoride 
are in fairly close agreement with the figures of («/p — m/p) 
determined by Geballe; they also failed to record any ionization 
coefficient below E/p ~ 116 volts/em per mm Hg pressure. It 
is probable that their data for other electronegative gases could 
be used to determine values of (E/p)._,. 

The limiting value of E/p is characterized, in eqn. (5), by the 
condition that 7/p is slightly greater than «/p, which means that, 
in the build-up of the pre-breakdown current, electrons are 
diminishing and being replaced by negative ions as charge 
carriers. Although there is still considerable uncertainty about 
the spark mechanism, it is difficult to imagine breakdown 
occurring under these conditions. Eqn. (5) provides the con- 
dition for self-maintaining current, and therefore, as discussed 
for non-attaching gases, it is probable that, for the passage of a 
spark, the following condition must hold: 


Pied Nwa) 
1 + (a/e) 


This would be achieved with a very small increase of voltage 
above the limiting value, since, in the region of (E/p)z—;, n/p is 
decreasing, and «/p is increasing, rapidly with field strength. 


(3) NON-UNIFORM FIELD BREAKDOWN 

For field conditions where the region of high stress is in the 
vicinity of the positive electrode, Fig. 1 illustrates typical corona 
onset and breakdown-voltage/gas-pressure characteristics for 
an electronegative compound. All such compounds have a 
critical pressure p, at and above which the corona onset and 
breakdown voltages coincide; at a lower pressure Pr» the break- 
down voltage is a maximum. 

With two electrodes of different sizes, well separated, the 
corona mechanisms which are active centre on the region of 


* Recent measurements by the author give (E, =, = 31-9 volt: H 
and E = 24-2kV/jcm for air. ea ‘Sess ley vase 
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Fig. 1—Typical breakdown-voltage/gas-pressure characteristics for 
positive point-to-plane electrodes. 


intense field. Electron avalanche formation, with the build-up — 
of positive-ion space charge is only possible so long as « > 7, 
and therefore the condition (E/p),_,, should give the limiting 
value of the field at the more highly stressed electrode for the 
onset of discharges either incomplete (corona) or complete 
(breakdown). 

Table 1 gives the values of E/p, at the highly-stressed electrode, 
derived from the breakdown-voltage data recorded by a number 
of workers for electronegative compounds and air, and (E/p)._», 
derived from ionization and attachment data. The electrode 
arrangements used were either point-to-plane or point-to-sphere 
types, and it has been assumed that the field at the point is the 
same as that given by the formula for the field between a hyper- 
boloidal point and plane, namely 


ec: f 
~ Riog, 4x/R Eas 


where R = radius of curvature of the point tip. 
x = Point-to-plane spacing. 


V = Point potential. 


Complete ionization and attachment data are only available for 
sulphur hexafluoride, difluorodichloromethane and air, and so 
it has been assumed that the values of (E/p),_,, for the other 
compounds are proportional to their relative electric strengths, 
with nitrogen as the datum. For example, in the case of carbon 
tetrafluoride! the relative electric strength is approximately 1 -2, 
and that for difluorodichloromethane [(E/p),—., = 127 volts/em 
per mm Hg pressure] is 2-75; the assumed value for carbon 
tetrafluoride is therefore 127 x 1-2/2-75 = 56 volts/em per 
mmHg pressure. 

Agreement between the values of E/p, derived from break- 
down-voltage data and (E/p),_.,, is reasonably good in a number 
of instances, particularly under irradiated conditions. The low 
values of E/p, derived from the data of Pollock and Cooper for 
irradiated conditions may be due to too intense pre-ionization, 
since use was made of an X-ray tube; the possibility of lowered 
spark potentials from this cause is well known. The high values 
of E/p,, when there is no irradiation, probably reflect time-lag 
effects, but the reason for the considerable disagreement in the 
case of the work of Foord is not clear; he did, however, experience 
considerable difficulty, not reported by the others, in obtaining 
reproducible results. The high values reported by Foord® could 
not be attributed to the degree of divergence of the field between 
the electrodes, since the ratio of the field at the point to the 
average field was 9-5 compared with values between 3-4 and 9-2 
for the authors’ arrangements, 6-2 and 13-2 for those of Pollock 
and Cooper? and Works and Dakin.!° 

Fig. 2 gives, for sulphur hexafluoride, difluorodichloromethane 
and carbon tetrafluoride, the positive static breakdown voltage— 
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Values of E/p, from breakdown-voltage measurements 
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Reference 1 applies to point-to-sphere gaps of 5-20 mm with a hemis i i in di i 

re i t pherically ended point 1-98 mm in d - 3 
Reference 8 applies to a point-to-plane gap of 10mm with a hemispherically ended point 0:47 mm in repeater? gre. - Seas ee 
Reference 9 applies to a point-to-plane gap of 3mm with a hemispherically ended point 0:5 mm in diameter. 

Reference 10 applies to a point-to-plane gap of 25-4mm with a hemispherically ended point 1-59 mm in diameter. 
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Fig. 2.—Comparison between theoretical and experimental corona-onset and breakdown-voltage/gas-pressure characteristics. 


For a 10mm gap between a hemisphericaliy ended point and a 5cm-diameter sphere. 


Breakdown voltage. 
------- Corona onset voltage. 


—-—- Point potential corresponding to (ElP)a=n- 


(a) Sulphur hexafluoride. 
(b) Difluorodichloromethane. 
(c) Carbon tetrafluoride. 


ie. gradually increased—and corona onset voltage as a function 
of gas pressure, and the variation of the point potential with gas 
pressure corresponding to a field at the point of (E/P)«=1- 
Agreement between the theoretical and experimental charac- 
teristics is reasonably good; the breakdown-voltage characteristic 
at pressures below the critical value cannot be subjected to 
quantitative analysis and is subsequently discussed on a quali- 
tative basis. The measured corona onset voltage in any electrode 
arrangement is a function of the sensitivity of the recording 
technique, and this is probably reflected in the fact that the 
experimental corona onset voltages are slightly higher than the 
theoretical values. 

Breakdown-voltage measurements with point-to-sphere elec- 
trodes have shown! that at pressures above the critical value 
considerable increase in the gap at constant pressure often 
fails to give any appreciable increase in breakdown voltage. 
This is readily explained if breakdown occurs when the field at 
the point is (E/P)a=n- The field at the point is given by eqn. (8), 


and if this is constant and equal to (E/p)a= the point potential 
is a function of log, x. Calculations based upon practical 
electrode arrangements show that, if V is the breakdown voltage 
for a 10mm gap at a gas pressure D (above p,), the breakdown 
voltages for 15, 20 and 25mm gaps at the same pressure would 
be 1-11, 1-19 and 1-26 volts, respectively. 

Although the foregoing analysis permits the prediction of the 
corona-onset-voltage/gas-pressure curve and the breakdown 
voltage above the critical pressure for the positive point, several 
features in this type of field, which have been previously reported,! 
require explanation. They include the following: 


(a) The fact that the impulse breakdown voltage is. lower-tham the- 
static value at pressures below the critical value, and the necessity for 
the applied field at the point to be greater than (E/p)x—n for: break~ 
down in this region. 

(b) The negative slope in the breakdown-voltage/pressure curve: 
and curved breakdown paths in the range pm—Pc, and,the occurrence, 
of a critical pressure where the corona-onset and breakdown. voltages; 


coincide. 
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(3.1) Breakdown Voltages at Pressures below the Critical Value 
The significance of the experimental fact that generally with 


electronegative gases the positive static breakdown voltage, . 


is higher than the impulse value suggests that field modi- 
fication involving time is an important factor in determining 
the breakdown voltage. As soon as the field in the vicinity of 
the point exceeds (E/p),,—,, electron avalanches are formed, and 
because of their high mobility the electrons generated are swept 
immediately into the point. The positive and negative ions do 
not move any significant amount. However, if the applied field 
is maintained for a comparatively long time, separation of the 
positive and negative ions occurs and ultimately all the negative 
ions move into the point. Thus, with impulses only, electrons 
contribute to the lowering of the field at the point, whilst with 
static breakdown, there is an additional contribution by negative 
ions. From this it follows that, if time-lag effects could be 
eliminated, breakdown with very-steep-fronted impulses would 
occur with the applied field equal to (E/p).—»- 

The difference between the static and impulse breakdown 
voltages for a compound, on the basis of a simplified treatment, 
should be a function of «/(« — 7); the difference being greater 
for large values of «/(« — 7). With static breakdown the 
lowering of the field at the point is a function of « and with 
impulses a function of (« — 7). Fig. 3 gives plots of a(« — 7) 
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Fig. 3.—Curves of «/(« — 7) plotted against percentage E/p above 
P)a=n- 
(a) Sulphur hexafluoride. 


(b) Difluorodichloromethane. 
(c) Air. 


for sulphur hexafluoride, difluorodichloromethane and air 
against the percentage of (E/p) above (E/p),—,. Experimental 
data indicate that the difference between the static and impulse 
voltages is greater for sulphur hexafluoride than for difluoro- 
dichloromethane. For air, the impulse breakdown voltage 
exceeds the static value, but as the difference is small, this may 
be a manifestation of time-lag effects. 


(3.2) Negative Slope, Critical Pressure and Curved Breakdown 
Paths 


For the negative slope to occur in the breakdown-voltage 
curve, there must be a secondary mechanism dependent only 
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upon pressure. The two possibilities are diffusion and photon 
absorption. Since curved breakdown paths have been observed 
with impulse voltages of duration too short for appreciable 
diffusion to take place, the more likely possibility is an increase 
of photo-absorption with increasing pressure. 

The higher field in the mid-gap region arising from the net 


positive space charge near the point (Section 3.1) would enhance 
electron avalanche activity in the gap and near the cathode if 


photo-absorption became significant in the region of p,,. The 
movement of electrons and negative ions formed in these 
avalanches into the volume of the gap near the point would 
tend to cancel the space-charge field and bring about a fall in 
breakdown voltage; in the limit, with the space-charge field 


completely neutralized at p,, breakdown would occur in the 


absence of corona. The curved breakdown paths probably arise 
from the random initiation in the gap volume of electron 
avalanches by photon absorption; the space charge which they 
each create could lead to localized intensification of field pro- 
ducing non-axial breakdown paths. Since breakdown at the 


critical pressure occurs in the absence of space charge, the — 


breakdown paths in this region would be axial. 
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SUMMARY 


The paper details the problem of transient: stability in electrical 
_ power systems and divides the methods used to date into four categories. 
S These categories, with the relevant literature, are briefly reviewed. 

_ The paper then describes the theory, method of construction and 
: mode of operation of an automatic step-by-step computer for power- 
~ system swing curves; the machine has facilities for two generators only 
_ but may be extended in scope by the addition of equipment similar to 
_ that already employed. The limitations of this machine are discussed 
1 and a direct-analogue method for use with the generator units of a net- 
1 work analyser is then described. 

The procedure for calibration of the direct analogue is given, and 
1S difficulties in the setting up of the analogues of damping power and 
| inertia constant are mentioned. Comparison of the results of a simple 
| swing-curve problem by integraph, step-by-step and analogue appears 

~ at the end of the paper. 
: Automatic generator-unit operation on a network analyser is possible 
' with this type of direct-analogue equipment. 


LIST OF PRINCIPAL SYMBOLS 
A = Gain of motor field amplifier, mA/volt. 
G, = Gear ratio between velodyne and phase-shifter. 
J = Output current of network analyser generator 
unit. 
Ky, = Tachometer constant, volts/deg/sec. 
M,, = Inertia constant for the nth machine. 
M =Inertia constant for the special case of a 
machine operating against an infinite busbar. 
(N — 1), N, (N + 1), etc. = Subscripts denoted the steps of a 
calculation. 
p = Feedback control setting, operating on feed- 
back voltage v,. 
P, = Net rotor accelerating power for a machine 
connected to an infinite busbar. 
P, = Damping coefficients for the special case of a 
machine operating against an infinite busbar. 
Pants Pand» Cte. = Coefficients for the damping power between 
‘ machines n and 1, n and 2, etc. 
P.,,, = Electrical power output coefficient of the nth 
machine. 
Pn = Mechanical power input for the nth machine. 
V = Output voltage of network analyser generator 
; unit. 

V, = Machine internal voltage. 

V> = Voltage at infinite busbar. 

y. = Velodyne generator voltage | measured at the 

v, = Reference voltage field amplifier in- 

v, = Wattmeter output voltage | put terminals. 

¥ = Total reactance up to infinite busbar. 

§ = Angular displacement of V, with respect to Vo, 
and also the angular displacement of the 
phase-shifter shaft of the analogue corre- 
sponding to synchronous-machine shaft dis- 
placement. 
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5, = Rotor angle in electrical radians, of the nth 
machine, with respect to a common reference: 
axis. 

§ = Velodyne shaft displacement, deg. 


(1) INTRODUCTION 


The fundamental theory underlying power-system stability is 
well known, as also are the means most commonly adopted for 
ensuring the maintenance of stability. Systematic work on this 
type of problem dates from about 1924 and was at first mainly 
American.! Historically, studies of system stability commenced 
with the analytical determination of the power limits of two 
synchronous machines connected together through an impedance, 
and this is still the model used to-day for illustrating the general 
principles. It has been shown, for example, by Crary,” that the 
two-machine system may be represented by a single machine con- 
nected to an infinite busbar of inertia constant M,M>/(M, + M2). 
The equation of power balance for such a system is the basis for 
all methods of assessment of transient stability. 

Early studies were mainly concerned with the determination of 
system layouts which were satisfactory from the standpoint of 
maximum steady-state power transfer, and only later was it 
realized that satisfactory operating characteristics under con- 
ditions of sudden disturbances were of greater importance. In 
order of increasing severity the major disturbances are as follows: 

(a) Sudden large load increases. 

(b) Switching operations. 

(c) Faults with subsequent isolation of the faulty section and with, 
or without, subsequent operation of auto-reclosing circuit-breakers. 

Several different types of stability have been considered from 
time to time, but of these it is steady-state and transient 
stability which are the generally accepted and major classifica- 
tions. Steady-state stability is concerned with the operation of a 
power system under all normal conditions, this being taken to 
include the effects of governors, automatic voltage regulators, 
load fluctuations, etc. Transient stability is said to exist in a 
power system if, after an aperiodic disturbance, the individual 
parts of the system remain in synchronism. The well-known 
‘equal-area criterion’ may be applied directly to a study of the 
transient stability of an equivalent two-machine system, but this 
suffers from the defect that the duration of disturbance is 
expressed in terms of changes of rotor angular displacement; 
this approach is impracticable, and it is necessary to determine 
the curves of generator load-angle against time. These latter 
are the so-called swing curves. 

Transient stability only is considered here. Possible methods 
of solving the power-balance equations for the synchronous 
generators of a system are briefly reviewed, and two methods 
arising out of recent experimental work are described. One of 
these is an automatic equipment for performing step-by-step 
calculations when associated with the phase-angle control of an 
a.c. impedance-type network analyser; the other is an analogue 
method using essentially an electromechanical phase-modulator. 

The first method uses a step-by-step process for solving the 
power-balance equation of the synchronous machine(s) and is 
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fully automatic in its operation. Although it is satisfactory in 
operation, its use has now been discontinued in favour of the 
direct-analogue method, but it is thought to be of sufficient 
interest and educational value to merit inclusion. The analogue 
method, which is essentially a device for the solution of the 
second-order non-linear differential equation governing the power 
balance of a synchronous machine, has applications other than 
to the solution of stability problems; it may be applied, for 
example, to problems of hunting or to making the processes of 
network-analyser operation more automatic. The simulation of 
other phenomena associated with synchronous machines, such as 
governor and automatic-voltage-regulator operation, may subse- 
quently be associated with this device. 


(2) A REVIEW OF THE PROBLEM AND METHODS OF 
SOLUTION 
The general formulation of the swing-curve equations, after 
Dahl,? is as follows: 
2 5, — 98 d(é, — 5 
g eee ode aE aia? i ma ae 
egy [On Oy) (On 0), ee | ae 


For the purpose of discussion of the various methods available 
for the solution of this problem, eqns. (1) may be simplified, and 
consideration given to the case of a single synchronous machine 
connected through a reactance to an infinite busbar. On 
making the usual assumptions that the machine and busbar 
voltages are constant in magnitude, and that the angular velocity 
of the voltage vector at the infinite busbar is unchanged through- 
out any disturbance, the power-balance equation for the generator 
may be written 


M, dt2 


d?6 dd V;,V. 

M bf sin:Oi=— Pm indd iit 2 

ied ge ge ea 2) 
The equation has no explicit solution for 5 but forms the basis 

of several methods of treating the transient stability problem, 

which, in effect, consist of performing a double integration of the 

power difference: 


VV; 
P, =(P_ — sc 


Sins) HRA Pity Leciaeet) 
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in order to determine 6 as a function of time. 

Solution by this technique involves the assumption of constant 
inertia constant M = H/180f, where H is expressed in kilowatt- 
seconds per kilovolt-ampere rating. It is possible to allow for 
the change in M with instantaneous frequency of the rotor, 
although this effect is slight. 

The methods available for solution mav be classified into four 
main groups: (a) step-by-step methods, (b) digital-computer 
methods, (c) differential-analyser methods, (d) direct-analogue 
methods. 


(2.1) Step-by-Step Methods 


Step-by-step methods employ double numerical integration. 
The period of swing is divided into a number of discrete time- 
intervals of length Ar, whose value is of considerable significance 
to the accuracy of the result; in general, a time interval of 
50 millisec may be expected to give an accuracy of 5 %. Standard 
texts»? give the procedure, making the following assumptions: 


Machine Assumptions. 
(i) The input power to each generator remains constant. 
(ii) Damping power is negligible. 
(iii) Each machine may be represented by a constant reactance in 
series with an e.m.f. of fixed magnitude and variable phase. 


Convenient Analytical Assumptions. : 
(iv) The acceleration of the rotor is constant from the middle of 


one interval to the middle of the next. _ 
(v) The rotor velocity is constant during each interval. 


Assumptions (iv) and (v) involve the approximation that both 


the acceleration and the velocity diagrams are represented by ) 


stepped curves. . i 
The simplified machine equation from eqns. (2), (3) and (3a) is 


PT ee ee 
dt2 M | 


The angular position at the end of the Nth interval may be 
shown to be . 


by = bn_y + Doge oo eee 
ne | 
where Ady = Ady + ee (6) 


By means of eqns. (5) and (6), the swing curve of each of the 
machines in the system may be plotted, the accuracy of the 
method depending upon the number of points taken. 

It will be seen that great accuracy is not obtainable if only 
on account of the sweeping assumptions which are made. How- 
ever, the error is biased to the estimation of a conservative stability 
limit. 

The above analysis has to be modified during the intervals in 
which the onset and clearance of a fault occur. Ifa discontinuity 
occurs at the beginning of an interval, the average value of P,, for 
the adjoining intervals may be used. If the discontinuity occurs 
in the middle of an interval, no modification is needed; and if it | 
occurs at any other point in the interval, a weighted average P, ! 
in both that and either the succeeding or preceding interval is 
used. 

Similar methods of analysis, but with different assumptions, 
may be used, but the routine given is the most convenient one 
for automatic working. 

Stability problems may be solved with the aid of an a.c. net- 
work analyser using eqns. (4), (5) and (6). However, without 
additional computing aids the work is tedious. Mortlock* has 
described a semi-automatic computer which uses potentiometers 
for carrying out the double integration; a network analyser gives 
the appropriate values of power and the generator-unit phase- 
shifters are set by hand. A development of this apparatus has 
been described by Jones;> another form of semi-automatic 
computer for the same purpose has been described by Peterson.® 
It has been reported by Squires and Harder’ that an automatic 
step-by-step calculator has been added to the Westinghouse 
network analyser. 


(2.2). Digital-Computer Methods 


Bennett, Dakin and Knight® have described the use of the 
high-speed digital computer at the University of Manchester for 
the solution of stability problems. Visual display of swing curves 
may be obtained with this method, whose utility for power-system 
engineers is equalled only by a continuous-recording direct- 
analogue computer. A disadvantage arises in the computing 
time which is necessary for the machine to obtain the equivalent 
network of the system. The existing machine at Manchester will 
derive the necessary matrix coefficients, i.e. the driving point and 
transfer admittances, for 50 independent node pairs and 10 syn- 
chronous sources in approximately half an hour. For example, 
if these figures are doubled, then for the same number of gene- 
rators the time taken would be of the order of 7 hours. This 
method of solution of the swing-curve equations has been 
described by Gill.!° Further information on the application of 


3 analysis to power-system problems has been given by 
_ The disadvantage mentioned above has been overcome by 
using a network analyser for the derivation of the necessary 
_driving-point and transfer admittances, and has been mentioned 
by Rothe,! and Squires and Harder;’ it is of course, self-evident 
Fs that the network analyser must be sufficiently large for the pur- 

pose. It should be noted that the situation may alter in the near 
_ future when digital machines approximately ten times faster in 
_ operation than that at present installed in Manchester become 
available. 


(2.3) Methods Involving the Use of Differential Analysers 


The physical size of differential analysers limits their applica- 
- tion to the problem; however, several attempts have been made 
_ to apply a combination of differential-analyser techniques, using 
either mechanical or electronic integrators and an a.c. network 
analyser. Although the earliest suggestions were made by 
-Kimbark,!4 the first such application was due to Boast and 
-Rector.!2. The use of a network analyser with a normal instru- 
| ment system read by a human operator, who inserted information 
into a differential analyser used as an auxiliary computing device, 
has been described by Bekey and Schott.!> 

- Wan Ness22 has described a method involving the use of double 
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accelerating power, P,, of the system, and use it in a servo system 
to control the angular position of the generator-unit phase-shifters 
and thereby determine the swing curves. 


(3) AN AUTOMATIC STEP-BY-STEP COMPUTER FOR 
STABILITY STUDIES 


(3.1) Essential Elements of the Computer 


The components of a machine to solve eqns. (4), (5) and (6) 
are indicated in the block diagram of Fig. 1 and are four in 
number, namely 


(a) A wattmeter to measure the quantity Pa. 

(b) Two step-by-step integrators for the evaluation of the integral 
of P, [eqn. (3)]. 

(c) A store into which is inserted initially the value of P,,, the 
electrical equivalent of the prime-mover input power. 


(d) A mechanism for the sequential control of the operations of 
the machine. 


For multi-machine problems items (a) and (d) may be 
centralized with consequent saving of equipment, but items (5) 
and (c) must be provided for each generator unit. If the watt- 
meter is centralized, it must be shared sequentially among the 
generators during each step of the calculation with consequent 


INTEGRATOR I 


FROM 1592~SUPPLY ° 


GENERATOR i 
PHASE-SHIF TER 


integration, in which the first integrator is electronic and the 
second, which drives the network-analyser phase-angle control, 
is electro-mechanical. There is no allowance for damping, and 
the inertia constant is inserted at the input of the first integrator. 
A modification of the method allows for the representation of 


saliency. 


(2.4) Direct-Analogue Methods 


The servo and electronic techniques, dating from the later years 
of the Second World War, made possible the use of direct- 
analogue methods associated with a.c. network analysers. Elec- 
tronic phase-modulating systems have been described by Kaneff?’ 
and Shen and Packer.!8 Electro-mechanical methods have been 
proposed by Kusko,'? Watkins,!® Bauer,2° Mortlock,”! and very 
recently by Kaneff.?3 

All these methods, together with the one independently 
developed by the authors, determine automatically the net 
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Fig. 1.—Schematic of computer. 


sacrifice of speed of operation. From Fig. | it will be seen that 
each generator has access to the wattmeter in turn through the 
banks of a uniselector. The integrators take the form of two 
storage locations between which information. can be exchanged, 
with the facility of adding in a third quantity in one direction only. 

Considering the Nth step of the calculation, with the uni- 
selector wipers resting on the first bank contact corresponding to 
generator 1, the operation is as follows: 


(i) The generator measuring points are connected to the wattmeter 
through one set of wipers and the P,, store through another. The 
wattmeter measures P,, — Pe = Pa. 

(ii) The quantity P, multiplied by the constant (Ar)?/M is inserted 
into integrator I, and added to Adix_1) to form Ady in store I(). 


This solves eqn. (6) for this step. 


(iii) Ady is carried also into integrator II, where it is added to the 
quantity d(v_1) to form dy in store II(6). This solves eqn. (5) for 
this step. 
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(iv) The uniselector steps to the next contact and the above three 
steps are repeated for generator 2, et seq. 

(v) When steps (i), (ii) and (iii) have been carried out for all the 
generators, and the quantities Ady and dy stored in each I(6) and 
each II(b) respectively, step N is complete and relay A is operated. 
This has the effect of transferring the contents of each store I(b) 
and IJ(6) into the associated I(a) and II(a) stores, setting the inte- 
grators for the next step, and also setting the phase angles dy on to 
the phase shafts of the generators. 

(vi) The uniselector is now reset to generator 1 and the above five 
steps are repeated with all the suffixes increased by one, i.e. the 
(N + 1) step is now carried out. 


To avoid the complex operation of taking average values for 
P,, for intervals which contain discontinuities, At is so arranged 
as to make all discontinuities fall in the middle of a period. The 
faults are applied and cleared by the machine through the banks 
of a second uniselector which counts the number of steps in the 
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calculation and operates relays for this purpose at the appropriate 
times. iI 


(3.2) Physical Arrangement of the Computer 4 i 


(3.2.1) The Wattmeter. 

The wattmeter was developed from an original idea by Brad- 
shaw and Watkins; the first model was built by Watkins”? during | 
early work on a step-by-step computer at the Manchester College ; 
of Technology, but not using a velodyne as described below '}} 
(Fig. 2). 

The wattmeter is servo-driven and is built round a single-. 
dynamometer movement. The instrument is deflected by ampli- 
fied voltage and current signals V,, and V,, derived from a network |} 
analyser, but is restored to a null position by a torque produced in |f 
its coils at a second frequency which differs by about 50c/s from |} 
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Fig. 2.—Schematic of wattmeter. 
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Fig. 3.—Integrator units. 


‘ the network-analyser frequency, which is 1592c/s. The null 
| ‘Position is then taken to be the position of zero mutual 

inductance between fixed and moving coils. The angular deflec- 
_ tion of the instrument can be measured at any instant by the 
magnitude and phase of the induced e.m-f., v,,, in the moving 
_ coil. The moving coil is periodically, i.e. 50 times a second, dis- 
es connected from its driving amplifier and connected instead to the 
_ input terminals of a servo system; ¥,, is first amplified, then 
detected by a phase-sensitive rectifier, and the resulting signal 
_ used to drive a velodyne. The velodyne shaft carries a potentio- 
_ meter (called the ‘balancing potentiometer’) which controls the 
_ magnitude and direction of the second frequency-restoring torque. 
a The servo system will thus set the wattmeter to the null position, 
_ where v,,, is zero, when the power measured is proportional to the 
: angular deflection of the balancing potentiometer. 


_ (3.2.2) The P,,, Stores. 

ea The quantity P,, is subtracted from P, by shifting the zero 
| point of the balancing potentiometer. This is effected by putting 
a potentiometer in parallel with the balancing potentiometer and 
connecting its slider to earth. The P,, potentiometer for each 
appropriate generator is selected through one of the banks of the 
wattmeter uniselector. 


j (3.2.3) The Integrators. 

The integrators use conventional magslip adding circuits 
(Fig. 3), but in this application information is transmitted in both 
directions so that magslip (A) and (B) each require to be servo- 


a driven in turn; the direction of transmission of information is 
| determined by relay A. Insertion of the quantity (At)?P,|M 


_ into integrator I is effected by switching the follow-through 

transmitter associated with the wattmeter into the circuit by 
| means of six banks on the wattmeter uniselector U. Ady is 
| carried into integrator II by connecting its follow-through trans- 


| mitter mechanically to magslip I(B). 


__ The flow of information in a typical adding circuit for the first 
three steps of a calculation is shown in Fig. 4. 


(3.2.4) The Controller. 

The controller is responsible for the sequence of operations 
during the solution of the problem. It consists of several relays 
and two uniselectors. One uniselector connects the wattmeter 
sequentially to the generators whilst the other counts the number 
of steps in the problem. This latter is responsible for applying 
faults and stopping the machine, etc., on the requisite step. 


(3.3) Accuracy ; 


The accuracy of the machine is limited to that of the network 
analyser, the integrators and the wattmeter. It is possible to 
make the last two accurate to better than 1%, but the network 
analyser will probably be no better than to 2°5%. The accuracy 
of wattmeter and integrators will be worst for small angles, and 
so provision is made for multiplying the quantities handled by 
the wattmeter and integrator I by 1, 5 or 10, the angle being 
reduced to its correct size by a gear connecting integrators I and 
II (Fig. 3). 


(3.4) Setting up the Apparatus 


The constant (A/?/M,,,, and the magnification factor of 1, 5 
or 10 mentioned above are inserted at each generator measuring- 
point on the network analyser by adjustment of a potential 
divider. P,,, is inserted initially by backing off the steady-state 
power on the P,, potentiometer; this is done manually by stepping 
the uniselector round the various generators with only the watt- 
meter energized. 


POWER-SYSTEM SWING-CURVE EQUATIONS 


147 


Abo + (AtYPo/M;) = AS} 


A&; = 5; (a) 


§; (d) 


Ab + 


(At)? P,/M, = 


Age 


S$ + 


(At)? P/M, = 


A$3 


Fig. 4.—Flow of information for the first three steps of 
a calculation. 
(a) Step 0. 
(b) Transfer at end of step 0. 
(c) Step 1. 
(d) Transfer at end of step 1. 
(e) Step 2. 


(4) AN ANALOGUE METHOD FOR THE AUTOMATIC 
PHASE-ANGLE CONTROL OF NETWORK-ANALYSER 
GENERATOR UNITS 


(4.1) Principle of the Analogue 
Eqn. (2) may be written 


d6 dd 

Mar + Pa +(P,—PpyH 0 we (7) 
This equation is similar in form to that of a second-order servo 
system with derivative feedback. The analogue described 
employs an electronic wattmeter and a velodyne?> in a d.c. servo 
system driving a generator-unit phase-shifter. The arrangement 
of components is shown in the block diagram of Fig. 5. It will 
be seen that the wattmeter supplies a signal proportional to power 
output P, and, after subtraction from a reference voltage propor- 
tional to P,,,, the signal controls the velodyne motor; negative 
derivative feedback, proportional to Pz, the damping power, is 
applied from the velodyne generator. The loop is completed 
by coupling the velodyne mechanically to the phase-shifter. 
Under transient conditions, the system obeys an equation of the 
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(4.3) Analogue Equipment 
(4.3.1) The Measurement of Pe. 


VOLTAGE _ PHASE 


N.A. EXCITATION N.A. PHASE- 


TER fos tae aaeetatia: WAT TME TER 
eat ie “AMPLIFIER i The requirements for the power-measuring device are that the 
Sse Shee oe! HO a Tune response should be fast and that negligible burden should be 
imposed on the network analyser. The wattmeter measures 
power corresponding to the internal power of a synchronous i) 
race pa eiiels machine which, for transient studies, is the power behind the — 
CONTROL AND transient reactance. Since the voltage at this aed is beer 4) | 
CONSTANT RENT | OF R, AND & assumed constant throughout the study, a phase-sensitive rect 


circuit may be employed: the arrangement is indicated in Fig. 6(a). 
ARMATURE SUPPLY 
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Fig. 5.—Schematic of simulator. 
AMP ) 
same form as the machine power relation, with the coefficients RG one (a 
pre-set by adjustment of the controls. 
Referring to Fig. 7, the motor field current is 
dé \, 

Ty = AQ, — %y — pKr =) tee ceva), 1 W, 
Since the inertia of the moving parts is constant, a parameter « % Wo (b) 
may be introduced defining the acceleration (deg/sec”) for a step 2 i ¢ 
in the field current of 1mA. For the machines used in the . R et 
apparatus a has a value of 8. Hence the equation of the loop is i 5 

= Pp 
d70 dé 
“ae = AW, = ue os PKr=) . . . . (9) 
This-may be written as 
G, d*6 ds 


+ 2G,Kr + Wy —»,) = 0 (10) 


aA dt2 
It is seen that the analogue of power is simulator voltage. 


(4.2) Time Scaling 


It is not necessary for the time of duration of the swing curve 
on the actual power system to be reproduced on the simulator. 
If only on account of the inertia of the drive to the phase-angle 
control of the network-analyser generator unit, it is convenient 


Es 
8 
ES 
to scale time and decrease the swing-curve frequency. If the a () 
system equation is expressed in the form of eqn. (7), a scaling a 
factor s may be introduced such that t’ = st, where ¢’ is the scaled fe 
time of the simulator. The simulator equation may be written if 
, ao eels = 
. M’d?5_ P,d8 
es SZ We + ae Py ere (12) 


Thus, if the analogue inertia constant M’ is made equal to s2M, 
and the analogue damping constant P’, is made equal to sP,, 
the division of the simulator time-scale by s converts the curve 
derived from the simulator to that of the system equation. 

If k,, is the wattmeter output voitage per unit power input, io) 1 20. 


es ss 
30 40 50 60 70 


then eqn. (10) may conveniently be written with per-unit 
coefficients; this permits direct comparison with the coefficients 
of the machine egn. (7), in order to satisfy the conditions above. 
If 5 in eqn. (7) is expressed in electrical degrees, and the coeffi- 
cients are in per-unit values, comparison of eqns. (7), (10) and 
(12) yield the following relationships: 


eicie ay ery gr 
RENT eee a) 
pG,K. ' 

i, Pa = Pals (14) 


in which all quantities except A and p are constants. 


N.A. CURRENT, mA 


Fig. 6.—(a@) Schematic of wattmeter. 
(6) Operation of phase modulator. 
(c) Wattmeter performance. 


The straight lines indicate the expected performance calculated from the experimental 
point (25 mA, 0-620 volt). Other experimental points are encircled. 


In Fig. 6(5) the square waves v,,; and v,, are in phase and anti- 
phase, respectively, with the analyser voltage at the metering 
point. The passage of current due to the signal v;, which is pro- 
portional to, and in phase with, the generator current, is governed 
by the sign of the voltage across the rectifiers, i.e. by the polarities 
of the square waves. While v,, is positive and v, negative, current 


_ due to ¥; flows and develops a voltage v, in the load R. The d.c. 
_ output, being the average value of v,, is a function of the magni- 
_ tude of v, and the phase difference between v; and v,), i.e. the 
_ power-factor angle. 

a Let v; = Vsin 6 and let ¢ be the power-factor angle. Then, 
E if the square waves v, have sensibly vertical sides and high ampli- 
_ tude compared with v,, the d.c. output of the wattmeter is given by 


; (180 + ¢) 

a , 2kV 

E =| i 0dé — —— cos b : (15) 
® 


_ where & depends on the circuit constants. 
_ It is seen that the wattmeter output is proportional to analyser 
current and power factor, but independent of analyser voltage. 
~ With constant voltage at the metering point, the multiplication 
_V x Icos g@ may be effected on a potentiometer calibrated in 
“ terms of per-unit analyser voltage ‘and connected at the output 
_of the wattmeter; this requires manual adjustment of the control 
| prior to each swing-curve study. The output of the wattmeter 
is smoothed by an RC filter. The time-constant of this filter 
} determines the speed of response of the wattmeter and is approxi- 
mately 7 millisec, ie. 10 cycles of base frequency. Performance 
} of the wattmeter is illustrated in Fig. 6(c). 


(4.3.2) Generator-Unit Phase-Shifter Drive. 

The type 73 velodyne is suitable for the purpose of driving the 
3in magslip phase-shifter of the network analyser and the 
precision potentiometer necessary for presentation of angular 

information to either a cathode-ray or Duddell oscillograph. 

__ The split field of the motor is supplied in push-pull from a 

_ three-stage negative-feedback amplifier, with the linear range 

extending up to rated field current in order to have maximum 
torque available. The circuit and performance of the amplifier 

are shown in Figs. 7 and 8 respectively. The necessary stabiliza- 
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Fig. 7.—Control-motor field amplifier. 


tion of motor armature current is effected with a simple degenera- 
tive circuit using one series valve and a shunt amplifier by which 
the current regulation at rated speed is reduced below 2%. 

The velodyne tachometer-generator field is fed from a stabilized 
source which reduces the effect of supply-voltage variations by a 
factor of 10. The availability of derivative feedback also affords 
a means of neutralizing the effect of friction in the moving parts 
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Fig. 8.—Gain characteristic of control-motor amplifier. 


of the simulator. An approximate expression often employed 
for friction torque is 


5 
T =f’ > 


where T is friction torque, f’ a friction coefficient and 6 angular 
displacement. Thus, the effect of friction is to produce error 
in the first-order term of eqn. (10) and to impose a definite lower 
limit to the damping which occurs when the feedback control is 
at zero setting. The limitation can be removed by applying 
positive derivative feedback in a way similar to that employed 
for the simulation of damping power. 


(4.3.3) Reference Voltage and Adding Circuits. 

In transient-stability studies, the consideration of first-swing 
stability is of prime importance. For this reason, and owing to 
the delay in prime-mover governor operation subsequent to a 
sudden disturbance, the prime-mover input power may be 
assumed constant for transient-stability work with the simulator. 


- Hence it is sufficient to represent P,, by an adjustable voltage 


which, according to eqn. (10), must be subtracted from the watt- 
meter output voltage corresponding to P,. 
Several methods of subtraction are available, but with a careful 


- choice of circuit values, both the operation mentioned above and 


the addition of the voltage corresponding to asynchronous 
damping power may be carried out conveniently and with ade- 
quate accuracy by resistor networks. 


(4.4) Simulator Operation 
(4.4.1) Simulator Controls. 
The adjustable analogue quantities are as follows: 


Analogue quantity System quantity © 
Up controls Ps 
A controls M 
P controls Pq 


The various controls of the simulator must be calibrated to 
facilitate rapid adjustment of system quantities and synchronous- 
machine parameters to the required values prior to swing-curve 
studies. 

Most of the tests involved in the calibration have been carried 
out with the simulator in a static condition, the exception being 
the derivation of an acceleration constant for the control motor 
of the phase-shifter. The sequence of steps in the calibration is 
as follows: 

(i) The maximum setting of the wattmeter voltage-multiplier is 
assigned a value equal to the highest relevant generator voltage 
likely to occur in normal problems. Intermediate points are imme- 
diately defined, since the setting is linear and proportional to the 


magnitude of the voltage to be represented. The control is adjusted 
to 1 per-unit voltage for the remaining steps in the calibration. 
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(ii) A static load is connected to the generator unit associated with 
the simulator. Adjustment of the P,, control to give zero difference 
power defines a point on the P,, calibration, and this is repeated 
for several values of the load. 


(iii) Calibration of the M control is accomplished in two stages. 
First, the acceleration of the phase-shifter control motor is deter- 
mined as a function of its field current. The relationship is linear 
and yields a constant giving the acceleration of the phase-shifter per 
milliampere step in the motor field current. Secondly, with a known 
and constant difference power at the input to the inertia-constant 
control, the setting of the control is varied and a graph of output 
against motor field current is obtained. Using the constant «, and 
the value of difference power, the scale of motor field current may be 
converted to per-unit power/deg/sec?. By reference to the graph, 
the inertia-constant control may be calibrated in terms of these units. 

A more direct method would be to perform run-up tests with 
constant power differential and with variation of the inertia-constant 
setting: subsequent modifications, or other changes in any part of 
the apparatus, would entail a repetition of the acceleration-constant 
tests. 

(iv) The tachometer armature is disconnected and a constant 
voltage is applied to the damping-factor control. With the prime- 
mover power set to balance the electrical power, the output from the 
damping-factor control is varied and plotted against motor field 

’ current. The scale of the latter may be converted to power using the 
results of one of the tests in (iii) above. It may further be modified 
to read per-unit power/deg/sec? by dividing by a speed: this speed 
corresponds to the test voltage applied to the damping-power control 
and is obtained from the tachometer-voltage/speed curve. 


(4.4.2) The Use of the Simulator in Steady-State and Transient-Stability 
Studies. 

Normally, the setting-up on the network analyser of the equiva- 
lent sequence networks of a power system is followed by the 
tedious manual process of adjusting the analyser generator units 
until the required values of power and voltage, obtained from 
system information, are attained. The simulator described may 
be employed for this purpose as a preliminary to either load-flow 
or transient-stability studies, with the following procedure: 


The supplies to the control motors are switched off, the equiva- 
lent inertia constants are set to minimum values and the damping 
factors to maximum values. The P,,, controls and the generator- 
voltage magnitude controls are adjusted to the required values, 
and after the setting-up of the network analyser and intercon- 
nection of the generator units, the supplies to the control motors 
are switched on. Owing to their low equivalent inertia and high 
damping, they immediately position the phase-shifters to give the 
correct phase-angle and system conditions, provided an additional 
generator is available for supplying the system losses. 


The accuracy of the automatic setting-up process is governed - 


by the sensitivity of the motor to small field-current changes, 
as there is a dead band of field-amplifier inputs within which no 
change of phase angle results. Positioning accuracy may be 
increased quite simply by providing a gain switch which enables 
the amplifier to be saturated by small inputs, in which case the 
accuracy is limited only by the accuracy of the wattmeter 
[Fig. 6(c)]. 

When transient-stability studies are to follow the setting-up 
of the generator units, it is only necessary to adjust the inertia- 
constant and damping-factor controls to correspond to prede- 
termined values before carrying out the switching operations on 
the analyser network. . 


(5) RESULTS 


A suitable problem without damping, which had previously 
been analysed by means of an integraph, was chosen from Park 
and Bancker?® and is shown in Fig. 9. 

The problem was solved step by step and by the simulator and 
was checked against the published integraph solution. The step- 
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Fig. 9.—Calculated and simulator curves. 


(A) Zero damping. _ 
(B) Including damping. 


by-step and integraph solutions were identical and are shown in 
curve A (full line). The analogue solution is shown as curve A ! 
(dotted line), and it will be observed that the simulator is pessi- 
mistic both as regards peak angle of swing and rate of change 
of angle. Thus the simulator shows an overswing of approxi- 
mately 3° before recovery and attains peak angle of swing approxi- 
mately 3 cycles (at system frequency) earlier in the case of the 
other solutions. The same problem, with allowance for damping 
power, P; = 0-758 x 10~4 per deg/sec, was then considered, the 
determination of P, being an approximation due to Park.?7 
The results are shown as curves B. 


(6) ECONOMY OF APPARATUS 


Precise information from other workers in the field is difficult 
to obtain, but it appears that the direct-analogue equipment 
developed by the authors is competitive economically with other 
schemes of automatic generators for use with a.c. impedance-type 
network analysers. The equipment described in the second part 
of the paper, if manufactured commercially, would consist of an 
electronic chassis with wattmeter and velodyne controls and 
supplies, an electro-mechanical chassis containing voltage control 
setting, phase control, velodyne and gear-box, and a power-unit 
chassis. A large-scale commercially-produced network analyser 
could be thus equipped for the solution of swing curves, at a 
cost per generator not exceeding 1% of the cost of the complete 
installation. The accuracy obtainable would be within that 
normally required for power-system stability studies. 


(7) CONCLUSIONS 
The discrepancies in the results recorded may be attributed to 
the calibration of the damping and inertia controls; further work 
will be carried out on this aspect now that three automatic 
generators have been delivered for the large power-system simu- 
lator under construction at the College of Technology, Man- 
chester. Provided that simulator operation is carried out on a 


| slow time-scale (€.g. of the order of real time), voltage regulator 
action could be represented; circuits to this end involve simulation 
of the performance of the generator field circuit and regulator 
_ and the derivation of appropriate modulating signals. This work, 
as yet, is unpublished. 
_ The automatic step-by-step method of solution of stability 
_ problems described in the paper is time-consuming, although it is 
_ faster than normal methods of desk computation with informa- 
_ tion derived from a network analyser. Two generators have been 
é built using, in the main, suplus equipment, and would have been 
expensive if new equipment had been used. Furthermore, the 
machine is applicable only to transient-stability studies and, 
_ without further elaboration, cannot be used for saving time and 
setting up a network analyser for steady-state studies. The 
- continuous-analogue method is rapid in operation and presents 
information in a convenient form; with heavy damping and 
increased external gain, the apparatus may be used as an 
auxiliary to a network analyser. 
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SUMMARY 


The paper describes a method of solution of synchronous-machine 
transient-stability problems by a more exact electronic analogue repre- 
sentation of the system equations than has hitherto beenemployed. In 
the machine analysis emphasis is placed on the variation of field flux 
linkage during transient disturbances, and reasons are given why this 
is necessary. The equations of performance are derived in the most 
convenient form for analogue computing. 

The equivalent analogue interconnections are given both for time- 
varying and for constant field flux linkage. The components required 
for these analogues are considered briefly. 

The section on computer control deals with the control of integrators 
with reference to the introduction of ‘initial conditions’, ‘hold’ and 
‘compute’ states. A delay unit is described which enables the switching 
out of a faulted transmission line to be simulated. 

The results of various problems solved by the computer are presented 
in graphical form as boundaries between stable and unstable states. 
It is shown how instability subsequent to the first rotor oscillation may 
occur, and an explanation is proposed to account for this phenomenon. 

Synchronous-machine and transmission-line analysis are excluded 
from the main text for clarity and are presented in detail in the 
Appendices. 


LIST OF PRINCIPAL SYMBOLS 
M = Inertia constant. 
6 = Rotor angle. 
T,, = Damping coefficient. 
P; = Power input. 
Tig = Field time-constant. 
i, = Direct-axis current. 
i, = Quadrature-axis current. 
X, = Direct-axis self-inductance (synchronous reactance). 
a — Direct-axis transient reactance. 
X, = Quadrature-axis self-inductance (synchronous reactance). 
X, = Transmission-line series inductance (reactance). 
vq = Direct-axis terminal voltage. 
v, = Quadrature-axis terminal voltage. 
Po = Power output. 
v = Terminal voltage of infinite system. 
Urq = Field impressed voltage. 
Ry = Field resistance. 
iq = Field current. 
Xjq = Field self-inductance. 
Xod = Mutual inductance (reactance) between field and direct- 
axis armature. 
, = Direct-axis flux linkage. 
b, = Quadrature-axis flux linkage. 
bq = Field flux linkage. 
R = Resistance of quadrature-axis or direct-axis circuit. 
p@ = Speed. 
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(1) INTRODUCTION 

The problems associated with the maintenance of stability of - 
synchronous machines in power systems, and the factors affecting — 
stability during transient disturbances, have received considerable | 
attention in recent years. . 

The methods of physical reasoning applied by engineers to the — 
steady-state analysis of the relatively simple cylindrical-rotor | 
synchronous machine were extended by Blondel in his two-reac- — 
tion theory to the case of the more complex salient-pole field 
structure. The mathematical generalization and extension to 
transient analysis of Blondel’s two-reaction theory are due to 
R. H. Park,!-2,3 and it is on Park’s equations that this investiga-_ 
tion of synchronous-machine stability has been based. | 

Hitherto, the application of Park’s equations to system stability — 
has involved a number of assumptions in addition to the idealiza- — 
tion of the machine. These assumptions are used to make the | 
expression for the transient power of a machine a function of — 
its rotor angle only and not of time as well. The most funda-, | 
mental of these assumptions, known as the constant-flux-linkage 
theorem, states that the flux linking the field circuit of a synchro- | 
nous machine remains constant following a disturbance, not only — 
initially but indefinitely. The use of this assumption reduces a 
system-stability problem to the solution of a number of simul- 
taneous second-order non-linear differential equations which 
equate the product of the moment of inertia and angular accelera- 
tion to the accelerating torque. 

Equations of this type have been solved by a number of | 
methods, namely 

Mechanical model simulator.4;5.6 
Step-by-step and graphical analysis.7; 8,9 
General differential-analyser application.10: 11 
Special analogue simulator. 2; 13, 14 

Because of the difficulties of measurement on actual systems, 
most synchronous-machine-system transient analysis has been 
carried out using analogue methods. An alternative approach 
has been developed in France with model machines and miniature — 
transmission systems.!5 While this method is more realistic and _ 
more likely to approach the practical case, it is not as flexible as a 
general mathematical study with the aid of computers. 

The object of the work described in the paper has been to take 
into consideration some of the effects previously neglected in 
synchronous-machine stability studies. The inclusion of these 
effects has necessitated the development of rapid methods of 
solution of the equations which describe more accurately the 
performance of synchronous machines in power systems. In | 
particular, attention has been paid to the effects of variations of 
field flux linkage during transient disturbances. This is necessary 
for three reasons. 

First, it is desired to find how the damping characteristics of 
the machine are affected by the rejection of the assumption of 
constant-field flux linkage. 

Secondly, voltage regulators and excitation systems are being 
developed and widely used at present to improve power-system. 
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| _ performance. The use of voltage regulators excludes the assump- 
| tion of constant-field flux linkage. This work is therefore the 
K first step towards more detailed investigation of voltage-regulator 
action on synchronous-machine stability. 
_ Thirdly, from the results of these and associated studies it is 
, required to make some generalizations concerning the relation- 
| ship between system parameters and allowable assumptions. 
_ Before commencing the design of the apparatus required to 

solve these problems, experiments were conducted on three proto- 
} type analogue computers: a combined electric, electro-mechanical 
» and electronic simulator, an electro-mechanical analogue com- 
puter, and a purely electronic analogue computer. 
4 The conclusion reached was that the most suitable approach 
} would be to use an analogue computer of the d.c. electronic type. 
_ The prime factors influencing this decision were (a) the need for 
) flexibility in setting system parameters, (5) rapid solution and re- 
& solution of system equations to enable boundaries between stable 
and unstable states to be derived quickly, and (c) the possibility 
» of using the apparatus in conjunction with real components of 
- asystem, e.g. a synchronous-machine exciter. When this project 
} was commenced, conventional analogue computers were not 
} readily available. It was also envisaged that such computers 
# would not be suitable for the solution of the problems involved 
§ because of the non-linearities and the need for simultaneous 
| switching of several system parameters at prescribed times during 
f a computation. The latter operation is necessary to simulate 
the switching of faulted transmission lines. 

The design of the computer is briefly described in Section 3. 


(2) POWER-SYSTEM STABILITY 
| The simplest power-system configuration which may be investi- 
' gated for stability is that of a single synchronous generator, 
) driven by a prime mover, and connected by a transmission line 
) of series inductive reactance to an infinite system. 


(2.1) Simplified Stability Problem 


It can be shown (see Appendix 8.3) that the equation of motion 
| for this system in terms of power becomes 

d26 
tenia 3 


if the following assumptions are made: 


+ es + P,, Sin 6 (1) 


(a) The machine is ideal. Z 
(i) The armature flux wave is sinusoidally distributed in 
space. 
(ii) The saturation is negligible. ‘ 
(iii) The effect of eddy-current and hysteresis loss is 
negligible. 

(b) The percentage speed change during a transient which results 
in the machine remaining in synchronism is negligible, ie. the 
component of generated voltage due to the rate of change of rotor 
angle is negligible compared with the voltage generated at funda- 
mental speed. : 

(c) The voltages induced in the armature by the rate of change of 
the armature flux linkage, namely pig and pifg, are negligible com- 
pared with the voltages Yap) and pap generated by the fluxes pg 
and yg rotating at fundamental speed. This is because pya and pibg 
are rates of change of slowly varying quantities, whereas jgp0 and 
yqgp0 are large because p@ is large. = 

(d) The armature and line resistances are negligible. 

(e) The field flux linkage remains constant following a disturbance, 
not only initially but indefinitely. — . 

(f) The direct-axis transient reactance 1s equal to the quadrature- 
axis transient reactance (i.e. there is zero transient saliency). 

(g) The action of the prime-mover governor is not sufficiently fast 
to change the mechanical input power following a small change in 
speed, so that the mechanical input is constant. 


This equation has been solved by a number of methods, as 
indicated in References 4-14. If these simplifying assumptions 


fe ALDRED AND DOYLE: ANALOGUE-COMPUTER STUDY OF SYNCHRONOUS-MACHINE TRANSIENT STABILITY 


153 


are made for systems containing many generators a number of 
equations arise, each equation being similar in form to eqn. (1), 


which must be solved simultaneously. 


(2.2) Time-Varying Field Flux Linkage 


The equations which describe the system, if assumptions (e) 
and (f) are not made, are as follows: 


: V,,—J, 
Field el 
le Le) TP jz (2) 
Tyg = ya — ig Xa — XD (3) 
Direct axis y= — XG, (4) 
Derived quantity Vo = Ig + ig(Xa — XQ) (5) 
Quadrature axis 0, = Ty + Xaig (6) 
Power output Po = Voi - (7) 
Equation of motion 15 ad 
where 0, =v sin 6 (9) 
and UV, = 0 COS 3) (10) 


These equations have been derived in Appendix 8.1, namely 
eqns. (51), (47), (39), (54), (49), (55), 37). 

The introduction of the per-vnit system makes the speed pe 
equal to unity in the above equations, and the inductances 
become numerically equal to the reactances. The standard form 
of the system equations is as follows: 


Field Upg = Rygifa + XpgPlyg + X jaPig (11) 
Direct axis v= —X, igh? (12) 
Quadrature axis 0, = (Xgig + Xaaipa)PO (13) 
Power Po = [(Xaaiza + Xaiadig — X jigia|PO (14) 
25 5 | 
Equation of motion P,= M oD See i Es +Po (15) 


The former set has been derived in the most convenient form for 
analogue computation, and it possesses the following advantages: 


(a) If the field time-constant is varied no other compensating 
changes need be made in the parameter-changing equipment or 
impressed voltages. 

(b) Points are made available to record Iz, ‘Vyg, tg ta» 6 and Po. 

(c) A simple disconnection in the analogue foop and the 
application of a constant voltage enables the system to be 
operated under conditions of (i) constant field-flux linkage and 
(ii) constant field current. These two conditions correspond to 
the extreme limits of Tyo, ie. Tyo = ©, Tyo = 0. Since these 
extreme cases are not physically realizable the equipment could 
not simulate them without changes. These changes are most 
easily accomplished in the equivalent analogue connection defined 
by these equations. 

(d) The change from cylindrical-rotor to salient-pole machine 
is easily made, and the degree of saliency is easily adjusted. 

(e) The introduction of the quantity Vg reduces the number of 
multipliers required from two to one. 


(3) THE ELECTRONIC ANALOGUE COMPUTER 
(3.1) Equivalent Analogue Interconnection 


The equations given in Section 2.2 are simulated by the inter- 
connection of elements shown in Fig. 1. 
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Fig. 1.—Equivalent analogue connections for eqns. (2)-(10). 


This can be shown to satisfy the relationships defined by the 
equations. 

Consider the first section which simulates eqns. (2) and (3). 
Vjq is an impressed voltage known from the system data. 
Assume temporarily that —J;,is known. Then if V;,and —I, 
are added and the sum integrated and multiplied by —1, —TyjoVr 
is obtained as given by eqn. (2). Multiplication of —T, doe fq by 
—1/T jo gives ‘yz. From egn. (3), if ig(Xz — Xj) is added to Ya 
and the sum is multiplied by —1 the result is equal to —J,. 
This supplies —I;,, which was assumed to be known initially. 
In a similar manner the complete set of equations is simulated. 


(3.2) Computing Elements 


It can be seen that the elements in this interconnection perform 

the following operations: 

(a) Addition of two or more variables. 

(6) Integration of a variable with respect to time. 

(c) Simultaneous addition and integration. 

(d) Multiplication by a constant coefficient. 

(e) Multiplication of two variables. 

(f) Generation of non-linear functions of a variable. 
The basic elements used for performing operations (a), (b), (c) 
and (d) are direct-coupled amplifiers. The techniques by which 
they are employed are now well known.!6 For addition and 
scaling, low-gain amplifiers are used, each consisting of two 
stages of amplification terminated by a cathode-follower output 
giving an overall gain of 800. The first stage tends to compensate 
for changes in heater voltage. The above operations were carried 
out with an accuracy of 1%. 

Multiplication by a constant is a frequent operation, and where 
it is necessary to vary accurately and conveniently the value of the 
constant, the circuit of Fig. 2 is used. 

With the switch in position 1 


_1R 


i= oe Se 
PBR 


V; if Ry > R; 


Fig. 2.,—Circuit for parameter variation. 


With the switch in position 2 
Vo Bi 


R, is a ten-turn helical potentiometer and f, which is the ratio of — 
the resistance between the slider and ground to the total potentio- _ 
meter resistance, can be accurately observed from the calibrated — 
dial. This enables the scaling value to be continuously varied 
and set with an accuracy of 0-1 %. 

For integration, amplifiers having gains of 105 are used. These 
amplifiers have an improved drift-compensation circuit which 
limits the short-time drift. When integrating zero input voltage, 
with RC = 0-25sec the drift is of the order of 0-15mV per hour © 
referred to the input. 


(3.3) Multiplication 


The multiplier shown in Fig. 1 is required to produce a direct- 
voltage output equal to the product of two input direct voltages. { | 
It is a four-quadrant multiplier based on the principle of sum — 
and difference squaring using the identity 


xy =4[& + y)? — @ — y)?] 


The problem is therefore resolved into processes of addition, 
scaling and squaring. The first two are easily performed with 
amplifiers and associated networks. Squaring may be carried 
out by means of linear interpolation using diodes.17_ The more 
convenient method used employs non-ohmic resistors, although 
this limits the attainable accuracy. The overall accuracy is of 
the order of 1% of the maximum output voltage. The circuit 
of the multiplier is shown in Fig. 3. 


SQUARING 
UNIT 


Fig. 3.—Four-quadrant multiplier. 


Since the non-ohmic-resistor squaring circuits provide only the 
square of the magnitude and not of the sign of the inputs, the 
diode circuits in conjunction with the sign-reversing amplifiers 
are used to ensure that the outputs are of correct sign. The 
diodes D,; and D, with the amplifier A, ensure that (V,, + V,)? 


‘is always negative, and the diodes D, and D, with the amplifier 
HAS ensure that (V4, — Vz)” is always positive. Therefore the 

output of A, is +kV4V,, where k is a suitable scaling factor, in 
this case one-tenth. 


KH (3.4) Function Generation 


& The analogue forms of eqns. (9) and (10) require sine and 
cosine function generators. These provide direct voltages pro- 
portional to the sine and cosine of a variable input direct voltage. 
: The generation of these functions is by linear interpolation using 
| diodes.!7_ The accuracy required determines the number of line 
| segments and hence the number of diodes. Eight diodes are used 
for each function over the range 0-7, and the accuracy is 
within 1 ee 


(3.5) Computer, Control 


__ In order that a definite solution may be obtained from a set 
of differential equations, it is necessary to know the values of 
the variables at the start of a disturbance. The number of 
initial conditions required is equal to the number of integrators, 
| and these initial conditions are set in by charging the integrating 
| capacitors while the computer is inoperative. 

| It is desirable, by introducing a ‘hold’ condition, to be able to 
} stop the computer during the course of a computation in such a 
+ manner that all the variables are held to the values they had at 
the instant the computation was stopped. This is necessary so 
} that different coefficients may be set in while the computer is 
1 inoperative and the solution then continued. If switching action 
' takes place in a transmission system following a fault, new coeffi- 


Ry Ro 


INITIAL 
CONDITION 


INPUT 


Zz 
Vz0—TOOHOM}1 
Ic 
Vico SST 
H 
VHO—SOTTOM 


Fig. 4.—Integrator control circuit. 


cients must be introduced to represent the effect of the switching 
action on the system parameters. 

These facilities are incorporated by controlling the integrators 
as shown in Fig. 4. 


_ (3.5.1) Integrator Control. 
If voltages Vic and V,, are applied to the relays IC and H 
respectively, the integrator becomes a scaling circuit. By apply- 
ing a voltage from a variable source to the terminal marked ‘initial 
conditions’ the output voltage may be set to any desired value. 
If V;¢ is removed the integrator will be reduced to an amplifier 
with a capacitor connected across it. This capacitor will remain 
charged to hold the output voltage at the value it had when Vic 
was removed. Computation is initiated by removing V;, and 
releasing the H relay. By operating this relay during a com- 
putation the output voltage will remain at the value it had when 
the relay operated. PS oe 
Operation of the Z relay places the integrator in-a condition in 
which the rate of drift can be adjusted to a minimum by a fine 
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control. The integrator control voltages are provided from a 
main control unit. 


(3.5.2) Delay Unit. 

In addition, a delay circuit is used to enable problems involving 
the switching of transmission lines to be solved, This delay 
circuit (Fig. 5) consists of a cathode-coupled multivibrator giving 


+300 V 


— O 
TRIGGER 


Fig. 5.—Delay-pulse generator. 


a voltage step of variable delay depending on the setting of R, 
which is a ten-turn helical potentiometer, and the capacitance of 
C>. This voltage step triggers the following bi-stable multi- 
vibrator, which operates the relay L in the cathode of V3 by 
changing the grid voltage of V; from negative to positive. This 
delay circuit is triggered simultaneously with the initiation of a 
computation, and after the preset time delay, the operation of the 
relay L applies a voltage V;, to the integrators which sets the 
computer in the ‘hold’ condition. It also operates a set of relays 
located in the various scaling units, which make the necessary 
changes in the coefficients. Completion of the switching action 
generates a signal which re-initiates the computation. Computa- 
tion is therefore suspended only for the operating time of a fast 
relay. This facility is desirable when the optimum value of a 
parameter is being obtained from observation of the computer 
solutions, and is not usually incorporated in conventional 
computers. 


(4) EXPERIMENTAL RESULTS AND DISCUSSION 

The problems which are solved are divided into two sections 
as follows: 

(a) Solutions of simplified transient-stability problems (Sec- 
tion 2.1) for comparison of the results with those obtained by 
previous investigators. 

(b) Solutions of transient-stability problems with varying-field 
flux linkage and constant-field flux linkage to show the effect of 
the former. 

(i) In response to a step function of mechanical power input. 
(ii) In response to a disturbance caused by a transmission-line 
fault without clearing by circuit-breakers. 
(iii) In response to a similar disturbance with clearing by circuit- 
breakers. 


(4.1) Simplified Stability Problems 


It is shown in Appendix 8.3 that the equation of motion of a 
synchronous machine connected by a transmission line to an 
infinite system is 


ds dd : 
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This equation is put into a dimensionless form by means of the 
following substitutions: 


M 
a | (17) 
t if P. 
pines Pee err 85/75) 
Tq 
K, (19) 
© /(MP,,,) 
Using these relationships eqn. (16) becomes 
d6 dé : 
= eee 2 
Pi = Fa t Kege + sine (20) 


Now p; may be divided into two parts—the initial load ratio Poo 
and the abrupt load ratio p,—given by 


(21) 


(22) 


where Py, + Poo = P; 


and Poo = P,, sin do 


Eqn. (20) then becomes 


d26 dd : 
Px + Poo = G5 + K.7, + sin ) (23) 
This equation has the advantage of being independent of the 
inertia constants of the machines and of the constants of the 
transmission network. Egn. (23) is solved by connecting com- 
puting elements as shown in Fig. 6. First with K, =0, the 


—(P_ + Poo) 


SINE 
FUNCTION 
GENERATOR 


Fig. 6.—Analogue interconnection for simplified stability problem. 


maximum value of p, which results in a stable solution is found 
for various values of 59. Summers and McClure!® have given 
solutions of eqn. (23) with K, = 0 in the form of curves of 6 
plotted against time for values of 5) from sin 5) = 0 to sin 8) = 1, 
the sines being at intervals of 0-1. Hence, for a given value of 
sin do, the highest value of p, + Poo which gives a stable solution, 
is known, and a succeeding value p,; + poo + 0:05 which gives 
an unstable solution is also known. Since po is known, two 
values of p;, as outlined can be plotted for each value of sin 55 
(Fig. 7). The line joining all the upper points gives a boundary 
on and above which the solution is unstable, and the line joining 
the lower points gives a boundary on and below which the solu- 
tion is stable. The values of p,; obtained from the computer 
are also plotted, and these lie on the lower boundary or between 
the two. This indicates that the computer is operating correctly. 
The line joining the points obtained from the computer is approxi- 
mately straight. This feature, which has also been used to 
check the accuracy of the computer, is dealt with in Reference 18. 
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have also been published.!! 1 of 1 
those obtained from the computer is given in Fig. 8. 


Fig. 7.—Stability boundary with no damping, compared with results in | 


Reference 10. 


The solutions of eqn. (23) for a range of values of K, and p, 
A comparison of these results and 


Fig. 8.—Stability boundaries with damping, compared with results in 
Reference 11. 


Reference 11. 
© Computer. 


(4.2) Time-Varying Field Flux Linkage 


A series of problems has been solved allowing for the variation 
of field flux linkage with time. 
solving eqns. (2)-(10) using the interconnection of computing 
elements shown in Fig. 1. The system parameters have the 
following values: X,=1; X, =1; Xj variable; Tyo variable; 
T, variable; M, variable. 

In addition, the following relationships, based on the design 
constants of the computer, exist between computer quantities 
and system quantities: 


0:0396 
t, = VM ie 
6:32 
Tie VMs 
0-158 
T 0c = 4/M Ta0s 


where the suffixes c and s refer to the computer and system, 
respectively. It is shown that system and computerquantities 


y 


| 


| 


The results are obtained by 


Fig. 9.—Effect of field time-constant on stability limit. 
: <— Constant-fiux-linkage boundaries. 


are related by 1/M. Fig. 9 shows the maximum values of P; 


yo which may be impressed so that the system remains stable. From 
this graph it is evident that the stability limit decreases with 


Be decreasing values of field time-constant, ie. the stability limit 
_ with varying-field flux linkage is less than that with constant- 
- field flux linkage. The oscillogram [Fig. 10(a)] shows the varia- 


(c) » (da) 


Fig. 10.—Oscillograms of rotor oscillations. 


(a) Constant fiux linkage. 

(b) Damping effect of field winding. 

(c) Instability subsequent to first swing, 
(d) Instability subsequent to second swing. 


tion of 8 with time during a transient in which the field flux 
linkage remains constant, and Fig. 10(b) shows the variation of 6 
when the field flux linkage is variable. In addition to lowering 
the stability limit as seen from Fig. 9, it can be seen from 
Fig. 10(d) that another effect of the varying field flux linkage is to 
introduce damping. 

In obtaining these results it was observed that, for values of P; 
greater than those shown by the boundaries in Fig. 9, instability 
did not always occur on the first swing, but also subsequently, as 
shown in Figs. 10(c) and 10(@). This result is of considerable 
interest, and an approximate explanation is proposed in Section 
4.3, to account for this phenomenon. 


(4.3) Instability Subsequent to the First Swing 
It is shown in eqn. (60) that the power output of a machine in 
terms of flux and terminal voltage is 
Vor. 104, PART A. 
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— Pav sin ) a v(X, — Xp) 
x 2X,X4 

Neglecting the second term on the right-hand side for simplicity, 


the graph of Po against 6 is a sine function, having a maximum 
value of ‘';,v/ Xj. If the initial value of So is zero, then, from 


Ps sin 26 


(24) 


~ Fig. 7, P; can have a value of 0°7'f°,4v/ Xj without causing insta- 


bility. In the steady state which follows the disturbance, the 
power output becomes 


_ Vv sin 8 _ vAX, — X4) 


Pie fee SU OA gd) os 
) x, 24K, sin 26 (25) 
or, neglecting the second term, 
Vzyv.. 
Py =" sin 8 ke att an 2:9) 
Xy 


Assuming that the field-circuit time-constant is sufficiently large 
to maintain the initial flux constant for the duration of one 
swing, the value of ‘fg, in eqn. (24) will be equal to the initial 
value of Yj at the start of the disturbance. 

From eqn. (59), 


Xa 


x’ 
Wao = ¥ COS 8o(1 - 2) ot Vay. (27) 
ip 1 1 V, 
H * fd0 __ ( ah ) fd 
ence x v cos do YX + x, (28) 
Since 69 = 0, cos 59 = 1 
a V, (X, — X)) 
Th fi fd0 _ fda d d 29 
erefore a mae +9 ¥,X; (29) 
Since by definition [eqn. (46)], Xj; < Xq 
then Vid ¥ fo 
Xu Xq 


Hence if 0-7Yp49/X, > VyalXq the system cannot ultimately be 
stable, and since it is stable for the first swing, it must become 
unstable subsequently. Increasing X, reduces the value of 
0-7 ;,/X;, and when this becomes less than Vial Xq, instability 
on swings subsequent to the first cannot occur. From the values 
of the parameters, this occurs for Xj > 0-7. 

Fig. 11 shows continuous-line boundaries of P; for various 
values of X%, above which instability occurs on the first swing. 
For values of P; below these boundaries, instability occurs on the 
second or subsequent rotor oscillations until the dotted boun- 
daries for the corresponding values of X;, are reached. For these 


Fig. 11.—Boundaries for second-swing instability. 
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values of P; the system is ultimately stable. From Fig. 11 it can 
be seen that the extent of the region in which instability subse- 
quent to the first swing can occur decreases as Xj increases. For 
X, = 0-8 the region has almost vanished, which is in accordance 
with the approximate theoretical explanation presented above. 


(4.4) Damping Proportional to Rate of Change of Rotor Angle 


It is desirable to determine the amount of damping proportional 
to d8/dt necessary to make the stability limit with varying-field 
flux linkage equal to that with constant-field flux linkage. 

To illustrate this, the value of Xin the computer was adjusted 
so that the maximum value of P; which resulted in a stable solu- 
tion with constant-field flux linkage was not greater than the 
maximum power which could be transmitted under steady-state 


aire) 


0-6 


ro4 


re) 10 20 3:0 40 5:0 
Tdoc 


Fig. 12.—Amount of damping necessary to maintain stability. 


conditions. Fig. 12 shows the amount of damping which was 
necessary to maintain stability as the field time-constant was 
decreased. 

(4.5) Transmission-Line Faults 


The problems which follow are more closely related to actual 
system operation. Fig. 13 shows the amount of power which 


1-0 


Fig. 13.—Maximum power transmitted by faulted transmission system 
—no clearing. 


can be transmitted by two transmission lines in parallel, when a 
3-phase earth fault occurs on one of them, so that stability is 
maintained. The parameter c is a measure of the distance of 
the fault from the machine terminals, c being zero at the machine 
terminals and unity at the infinite system. It is therefore a 
measure of the intensity of the disturbance, since faults at the 
machine terminals are most severe. 
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Computation is commenced with the values of the parameters 
under the fault conditions set in. These values are obtained by 
applying Thévenin’s theorem to the transmission system shown 


TRANSMISSION 
LINE 
Xv 
GENERATOR 
INFINITE 
SYSTEM 
v 
CX = (1-C) xy 


Fig. 14.—Faulted transmission system. 


in Fig. 14, which reduces to a series reactance X, connected to an 
equivalent bus voltage kv. The values of X, are given by 


c 


Ap gee 
and joint Sts 
l-+ec 


The values of X, and X, are summarized as follows: 


(a) Before a fault 


X; 

Xq = Xam + 

(6) During a fault 

c C 

Di OG = Kee 

aan Te 
c 

aS oes oe 


(c) Subsequent to clearing 
Ag = Xgn + Xn; k =1 
X, = Xum t+ XL 


The values of the system parameters used are X,,, = 0-6, 
Xom = 9°4, Xgm = 0°2, X, = 0°8. 


Fig. 15.—Effect of switching time on power transmitted. 


Taoc = 5. : 
t; = Switching time. 


hy Fig. 15 shows the power which can be transmitted under the 
; e conditions as before, when circuit-breakers are used to 
= the faulted line section. The power which can be trans- 
_ increases with faster operation of the circuit-breakers. 
(5) CONCLUSIONS 

The use of a d.c. electronic analogue computer is an ideal 
ethod of simulating synchronous machines in power systems 
) for stability studies. The authors have reached the stage of 
| allowing for variations in the field flux and have shown that 
) this can have an appreciable effect on stability. It has also been 
‘shown that instability subsequent to the first rotor oscillation can 
| occur. In cases where changes in field flux linkage and saliency 
effects are not important, the simple analogue provides accurate 
6 id rapid evaluation of system swing curves. Where these 
factors are important, e.g. in the study of voltage-regulator action 
| on stability, the more exact representation is useful. An addi- 
tional analogue for the voltage-regulator loop can be added to 
| the equipment to provide the field terminal voltage. Similarly 
} effects due to speed governing of the prime mover could be 
} determined by an additional analogue. 

_ An additional function of the machine analogue would be its 
‘use in connection with a network analyser, which would allow 
{ investigations of more complex transmission systems to be carried 
fj out. This involves a transformation of d.c. quantities to a.c. 
} quantities; the control in magnitude and phase of the voltages 
} applied to the network analyser would be exercised by the 
{, magnitudes of the field voltage and the prime-mover torque. 
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(8) APPENDICES 


(8.1) Derivation of the Equations of a Synchronous Machine 
connected by a Transmission Line to an Infinite System 
when Constant Flux Linkage is not assumed 


Park’s equations? for the system are as follows: 


0p = Ryaiya + Pra (30) 

04 = Ryig + Pa — 4,78 . (31) 

0, = Ryig + pis, + pape (32) 
where Bra = Xpaiga + Xoaia (33) 

ta = Xgig + Xaaifa - (34) 

hy = Xiq (35) 
and v4 =v sin 6, v, = ucos 6 


X,, is the total inductance in the direct axis, being the sum of the 
machine direct-axis self-inductance X,,, and the transmission-line 
series inductance X,. . Similarly 

Ag Xan tess 


qm 


These equations apply to an ideal machine with no quadrature- 
axis rotor circuits or amortisseur windings. 
The equation of motion of the machine in terms of torque is 
d9 dd 
= J+ Ti + YT 3 
7; I dt2 fi d at a 0 ( 6) 
It is assumed that the speed change during a transient which 
results in the machine remaining in synchronism is a negligible 
percentage of fundamental speed; then pé is constant. The 
equation of motion of the machine in terms of power is then 
d26 dé 


pei oie mae 


at (37) 
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Po = (Haig — Yqig)P? (38) 
It is assumed that the voltages induced in the armature by the 
rate of change of armature flux linkages are negligible compared 
with the voltages generated by these fluxes rotating at funda- 
mental speed, i.e. pig and py, are negligible. 

Armature and transmission-line resistance is assumed to be 
negligible, and thus R,i, and R,i, are zero. 

Eans. (31) and (32) become 


where 


173=— p,p8 =— X,i,p9 : (39) 
Ug = b4p0 = (X,ig ae X,aig po (40) 
From eqn. (33), J 
— Xi 
Go eid ad‘d (41) 
i ee 
fd Xiq 
then Xp — *ed (yy — XK 414) (42) 
ad" fd bee ‘fd ad'd) - 
Define Tha = X ,aipaDO . (43) 
AG 
and Via = re bra : (44) 
fd 
Substitution of eqns. (43) and (44) in eqn. (42) gives 
Ve 20. 
og 7 Va ia (45) 
2 
But ie ae (46) 
fd 


where X; is defined as the total direct-axis transient inductance. 
Therefore, from eqn. (46), eqn. (45) becomes 


i; 
Pa = 4 + (X4— XDia (47) 
og ie) 
Also from egns. (43) and (34), 
i 
= Aig 48 
ta diag + 20 (48) 
which, from eqn. (40), gives 
Multiplying eqn. (30) by Sad gives 
Xpq 
= Xod a Ry 
PY 7g = Mee Xa (50) 


When the machine is on open-circuit and operating under steady- 
state conditions, i.e. iz = i=p=0 


Vqg=0 
v 
= Sad 
PLD G 
q Rr aaDO 
Hence the magnitude of the machine terminal voltage, which is 


; 51 
given by +/(v3 + 22), is a X,aD9 
Yd 

This quantity is denoted by Via. 
Hence eqn. (50) becomes 
Vz, —I 

1 pie a 
oe TzoP8 


X, ee 
where To = a , Which is the field time constant. 
fab 


(51) 


The power output of the machine is, from eqns. (34), (35) 


and (38), om a 
Po = [(Xgig aa Xadipadig = Xjigia| pO 


or Po — ig Wa a5 iy(Xq = X)P9] 
Define a quantity Vg such that 
Vo = Tyg ai iy(Xy ae X,)po C 


then eqn. (53) becomes 


P 0 = Volg 5 . . 
Eqns. (51), (47), (39), (54), (49), (55) and (37) are simulated in 
the analogue computer and are summarized in Section 2.2. In 
summarizing these equations the per-unit system is introduced, 
so that p§ becomes equal to unity and inductances are numerically 
equal to the reactances. 


(8.2) Derivation of Equations for ‘Yyq and P, in Terms of 
Operating Conditions and System Parameters 
For the problems involving faulted transmission lines, more 
convenient expressions for ‘,, and Pp are required than those 
given by eqns. (47) and (55). 
Solving for i; from eqn. (49) gives 


: aw & 
ig= q Hy Sd (56) 
Substituting eqn. (56) in eqn. (49), 

xy X4 
eae 04(1 F = ag Tax 


{ 
In the steady state at the instant before a disturbance, from | 
eqn. (51), 


(57)) 


Trg = Va (58) | 
and since 0, = v cos dy 
be ae | 
= 8 ( 2s 3) = Ae 
Yao = UV COS O9( 1 X, + Vyq X, (59) ) 
Solving eqn. (55) in terms of *,; and 6 gives 
athe o(X% — XD) 
= eee v 2x,X; sin 26 (60) | 
or in terms of Ty, 
I “ (X, 1 ae 
Pi = # pie d 
* ey sin 6 — v 2X, sin 26 (61) | 
In the steady state, since Ta = Vya 
Vay x: = 
Py) = —2v sin 8 — yoXe = Xa) sin 26 (62) | 
X4 qd | 


(8.3) Equation of Motion for Simplified Stability Problem 


If it is assumed that the field flux linkage %,; remains constant 
during a disturbance and that the quadrature-axis synchronous 
reactance is equal to the direct-axis transient reactance, i.e. 
X, = XQ, then from eqn. (60), 


vsin 8 = P, sin 8 . (63) 


where ‘VY’, is proportional to the initial field flux linkage. The 
equation of motion then becomes 


d26 
Po Moe hie +P,sin8d . 


dt2 (64) 
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q Mr. A. Chorlton: The major inaccuracy in the machine 
simulator described by Mr. Kaneff would seem to arise from 
_fepresentation of the machine impedance by a static network. 
| Although the author promises to account for the effects of 
saturation by modifying the machine impedance with time, the 
| method still rests on the validity of the constant-flux theory. 
The representation might be satisfactory for the first-swing con- 
ditions, but the inaccuracies might increase in the study of 
subsequent behaviour, and stability problems involving fluctuating 
F loads would entail studies beyond the first swing. Adjustment 
of the machine impedance would be required for the study of 
asynchronous operation, otherwise precalibration would be neces- 
} sary. In such circumstances the merit of including second-order 
effects such as voltage regulation, exciter response and governor 
action would become questionable. If asynchronous operation 
can be simulated, can the equipment also be used for the study 
{| of transient behaviour of induction motors, since problems of this 
character are becoming increasingly significant? 

Sub-transient effects and machine losses are not mentioned, 
yet these would probably have the greatest effect on accuracy 
_ during the first swing. I agree, however, that the absolute error 
+ should be small enough for all practical purposes, the most 
| important requirement in my view being consistency in the results 
{ obtained. . 

The device should prove suitable for application to most a.c. 
_network analysers and useful where only first-swing conditions 
“are required and asynchronous phenomena can be studied, 
| particularly since the actual steady-state conditions are set 

automatically. 
_ The analogue method described by Messrs. Aldred and Doyle 
seems to suffer from the same limitations as Mr. Kaneff’s instru- 
} ment in requiring a time scale which differs from actual time and 
{ using constant impedance for machine representation. While 
i future work is promised to allow for voltage control, it would 
| be interesting to know whether the use of actual components is 
‘envisaged or whether it is intended to simulate regulator action. 

Mr. T. M. Whitelegg: The problems associated with synchro- 
| nous machines can be divided into two groups, namely those in 
which the performance of the machine and its control systems 
are of prime interest and in which the effects of the external 
i system are of second-order importance, and those in which the 
i system is of primary importance, and whereas a reasonably 
accurate representation of the machine is required not too much 
detail is necessary. When the machine itself is of prime interest, 
| the equipment described by Messrs. Aldred and Doyle is more 
| flexible and probably offers more scope for development; but 
} when the system is of prime interest, the electro-mechanical 
analogue would seem to be more appropriate. In any case, 
there must be an exchange of information and results between 
| the various types of equipment; and results based on more 
accurate representation of machines must be made available, to 
ensure that the assumptions made in using network analysers are 
} related to the truth. 

The inherent accuracy required for the apparatus could be 
debated at great length, but the most important feature is 
} repeatability and day-to-day accuracy. An analyser used com- 
} mercially must be immediately available every day. We should 

not have to calibrate various items of the apparatus every morning 
| —once a month, or every six months, should suffice: repeatability 
of accuracy is therefore most important. 
\" Kanerr, S.: Paper No. 1847S, October, 1955 (see 102 A, p. 597). 
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In the past we have been satisfied with one or two swing curves 
on a system, and by means of interpolations and, in certain cases, 
extrapolations, we have estimated the stability limit. When the 
machine analogue devices are available, we should be able to 
determine the stability limit accurately and produce our results 
in the form, not of swing curves, but of boundary conditions 
for critical stability. I should like to add a note of warning that, 
when the simulators are available, we shall require rather more 
data on the systems than before. There is still in some parts a 
feeling that a problem can be set up on a network analyser without 
knowing what the problem is. This is not so, and the introduc- 
tion of machine simulators will not change the situation. The 
more accurate data there are, the more accurate will be the results. 

Mr. P. G. Kendall: A further gain in accuracy over step-by- 
step methods to be obtained from the use of the simulator is the 
avoidance of errors in calculation and in the reading of meters 
and setting of dials which results from the ordinary hand opera- 
tion of a network analyser for the purpose. 

Although it is necessary to have repeatable results (one can 
have no faith in a machine that gives different answers on 
different occasions), it is essential that the results when repeated 
should reasonably relate to the truth. Thus the paper by Messrs. 
Aldred and Doyle is very valuable in that it investigates the 
influence of some factors which are normally ignored in these 
investigations. 

Section 4.3.1 of the paper by Messrs. Adamson, Nellist and 
Barnes states that the d.c. output of the wattmeter has a certain 
function if the square waves have sensibly vertical sides and high 
amplitude. Another very necessary condition is that the square 
waves have unity mark/space ratio. This may, by the occurrence 
of even harmonics in the waveform, not always be quite true. 

The authors state that the potentiometer which multiplies the 
I cos ¢ factor by V requires manual adjustment of the control 
prior to each swing-curve study. If the amplitude adjustment of 
the generator e.m.f. is by means of a potentiometer, this further 
potentiometer might reasonably be ganged to it and so be adjusted 
automatically. 

Mr. G. Lyon: The step-by-step method of plotting swing 
curves for transient stability studies has two disadvantages, 
namely uncertain accuracy and excessive duration. It would be 
convenient, but it is not necessary, to eliminate both drawbacks 
by one method. 

Theoretical comparison and field experience both suggest that 
the errors in conventional solutions are substantially less than 
those in the data, and a more refined method is not needed for 
the bulk of stability surveys. On the other hand, the assessment 
of the merits of different designs of synchronous machine, and of 
different control schemes, does require the more refined repre- 
sentation of one or two machine groups. The apparatus for 
this purpose, which is likely to be complicated and expensive, 
therefore needs to cater for only two or three machine groups, 
provided that the rest of the system and machines can be included 
with normal accuracy. The single machine against an infinite 
busbar serves to demonstrate a method, but it does not permit 
an economic assessment of the relative value of alternative 
machine designs in the development of a complete system. 

In conventional stability surveys both the swing-curve calcula- 
tions and the analyser readjustments occupy much time. Auto- 
matic generator simulators (even a simple design) would reduce 
the time sufficiently to enable adequate surveys to be made as a 
routine matter, and most analyser owners would consider justified 
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an extra equipment cost of about 10% (as quoted by Mr. Adam- 
son and also in some of the references). I do not believe that 
this cost would cover equipment providing an accuracy higher 
than is obtained at present. 

About six years ago I suggested that network analysers were 
ripe for the introduction of automatic elements. The prototype 
simulators have tended to be disappointingly complicated, but I 
am convinced that future simulators will be more elegant and 
compact, and thus cheaper and more easily maintained. Static 
analysers will give surprisingly satisfactory service with per- 
functory maintenance, but this is unlikely to be true of high- 
precision dynamic elements. 

It is desirable that further work should produce, on the one 
hand, the most simple and economical device for routine surveys 
—perhaps a simulator or a digital auxiliary computer—and, on 
the other hand, the most comprehensive and accurate device for 
special studies and control problems—perhaps an elaborate 
simulator or an analogue-computer addition for network ana- 
lysers. Recognition of a division of interest at present could 
well lead to a corresponding division of labour during the next 
stage of development. 

Mr. P. D. Aylett: There seems to be no satisfactory definition 
of what we mean by ‘stability following a disturbance’. After a 
fault the system oscillates in some way, and at a chosen time we 
see whether the relative angles are diminishing. But there is no 
definite criterion available for multi-machine systems. The use 
of analogues may increase our difficulties, for systems may appear 
stable and then become unstable later; because of the long periods 
being covered in an extended study, we may be unable to tell 
whether there has been some drift in an amplifier or whether a 
component is giving trouble. 

Recent analysis of the non-linear differential equations simu- 
lated shows that one can establish an integral whose values for 
the velocities and angles of the machines at a particular time 
determine whether the system is stable. This may make digital 
computers more useful than analogue computers, in that only 
the value of the integral need be obtained from the digital 
machine to determine stability. The problem of transient 
stability is essentially that of deciding, when looked at in the 
phase space of velocities and angles, whether the system as a 
whole will tend towards stable or unstable equilibrium. 

Fig. 9 of the paper by Messrs. Aldred and Doyle gives the 
starting point between 0-4 and 0-8; recent experiments with the 
N.P.L. differential analyser gave 0:7242, the calculated value 
being 0-724 6. 

It is most important that the damping of synchronous machines 
should be included in the analogue. Tests show that turbo- 
alternators have damping-torque coefficients of 100-200 (in per- 
unit-kVA/per-unit-slip). This leads one to believe that what- 
ever the fault, provided that the system after a fault has a 
position of steady-state stability and damping exceeds a critical 
value, the machine will always resynchronize. The problem of 
transient stability then becomes one of deciding whether the 
machine has adequate damping. Since the damping is as much 
a function of the system parameters as the synchronous torque, 
if we are to construct accurate analogues it is essential to 
have an accurate representation of the induction generator 
characteristics. 

Mr. R. A. Hore: The availability of these simulators brings 
us to a position where we can with reasonable labour—though 
not, perhaps, at very reasonable expenditure—take into account 
the majority of refinements in synchronous-machine representa- 
tion, but since the refined simulation is expensive, it is important 
to appreciate its significance. 

The precise answer one requires from a transient-stability 
study is usually the critical load which the system will carry, 


without loss of synchronism, following a system disturbance. 
Of the three types of disturbance listed by Messrs. Adamson, 
Barnes and Nellist, the fault is the most serious, and Table A_ 


i| 
Table A 
7 | 


Factor Typical error Maximum error 


Integration errors .. Random 
System reactance a de Random 

(errors in data) 
Neglecting saliency , Assessable 


Neglecting damping Assessable 
Neglecting air-gap A Assessable 
flux decrement 


relates to this type of disturbance. The effects of neglecting 
saliency, etc., can be expressed as errors in the estimate of 
critical power;.a positive error means that the estimate exceeds 
the correct value. 

The typical errors can, of course, be added, and it appears that, 
in general, the use of the constant-flux-linkage theorem results 
in negligible errors (about 1%). The maximum errors cannot 
be added, since they occur under different conditions. Occa- 
sionally, therefore, it may be desirable to take into account one 
or more refinements in representing a machine. 

Simulator units or accurate numerical methods can eliminate . 
integration errors, but in considering refinements one must bear 
in mind system reactance, and the question of load. The 
prediction of the loads for planning analysis cannot be made 
more accurately than, say, +10%, or, to put it another way, — 
+1 year in the date at which a certain load will be reached. 

The above estimates are confirmed by Figs. 9, 13 and 15 of | 
the paper by Messrs. Adamson, Nellist and Barnes and Figs. 8 
and 9 of that by Messrs. Aldred and Doyle. In Fig. 8 of the 
latter K, is not likely to exceed 0-03, and in Fig. 9 Tj) is usually © 
between 6 and 12sec (even B.S. 2658 uses Tj; to use Tyg with Ty 
for a damping coefficient invites confusion). 

The possibility of overlooking second-swing instability does — 
not seem yery serious. Steady-state studies ensure that the > 
system is stable when the decay of flux is complete. Even if. 
such stability depends on voltage-regulator action, it is an easy > 
matter to find the minimum flux (and the time at which it occurs) © 
and then to determine the worst condition for the machine to 
maintain synchronism, representing the machine as a voltage 
behind a reactance. 

Mr. K. M. Jones: The high-speed features of the simulators | 
described will be welcomed by those concerned with network | 
analysis on a commercial basis. I recall a study of a relatively | 
simple system involving only four machine groups for which it — 
was considered worth while to make about 80 swing-curve . 
calculations to determine system limits. However, it is not only | 
transient-stability studies which take a long time: the initial | 
load balance on an analyser may take 2-3 hours, and subsequent | 
balances about an hour each, depending on the number of 
generators in the system and the skill of the operator. As much | 
time will be saved on load-flow problems as on transient-stability 
problems when simulators become available. 

It is known that the method of representing loads can have a 
distinct bearing on the stability between generation sources on a 
power system. Particular types of load comprising large syn- 
chronous motors, if not too numerous, could be represented by 
the simulators described, and it should not be long before an 
induction-motor simulator is available. However, it will not be 
economical to use these simulators for all major load points in 


the network, and it would therefore appear that there will be a 
demand for a simple device to represent the power/voltage 
aracteristic of composite loads. Such a device should simu- 
te the action of under-voltage relays, since this has an important 
effect on system stability. 

bj Much has been said about extending the basic simulator to 
include the complete electrical characteristics of the synchronous 
" achine. I agree that this should be treated as a separate 
| problem, but one must be reasonably certain that the basic design 
of the simulator is capable of extension, if this is desired ulti- 
| mately. I believe that the development of analogue devices for 


cad : : : 
| composite loads and induction motors should precede any 


* ae Mh Atay 


__ Messrs. C. Adamson, L. Barnes and B. D. Nellist (in reply): 
| The square wave to which Mr. Kendall refers is derived from 
} the input to the generator output amplifier, where the total 
{ harmonic content is less than 1%: we are thus not concerned 
} with variation in the mark/space ratio of the square wave. 
| The V-multiplying potentiometer is ganged to the amplitude- 
| adjusting potentiometer of the generator unit: this was omitted 
} on the diagram for the sake of simplicity. 
| While we agree with Mr. Lyon’s comments, we would point 
) out that for routine work a simple analogue device is all that is 
, required for stability studies or load-angle setting; for the more 
complex special studies and control problems, however, a 
) digital computer, by virtue of its universality, when associated 
| with a network analyser is likely to have much greater versatility 
| than any complex analogue device. This approach is at present 
} under investigation at the Manchester College of Science and 
- Technology. 
We agree with Mr. Hore that additional complexity and cost 
} is hardly justified, in general, for assessing the performance of 
systems with regard to second-swing instability. This is an 
interesting problem, but we feel that additional expenditure 
| would not be attractive to the owners of commercially operated 
| network analysers. 
~ In our laboratory, considerable attention has been paid to 
simulation of the electrical characteristics of synchronous 
machines. Whereas we would agree that simulation of composite 
loads and induction motors has priority from the aspect of 
commercially operated analysers, we would disagree for more 
general reasons. There are not enough workers considering 
these problems of simulation, and to state a particular priority 
in an arbitrary fashion is inappropriate, particularly since the 
‘transient performance of a synchronous machine cannot be 
determined conveniently by normal analytical method for cases 
| other than connection to a single lossless reactance. 
In our view, from the standpoint of a commercial analyser, 
the most important considerations are simplicity and low cost: 
| recent experience in Manchester* has shown that simulators for 
the electrical transients on synchronous machines can be built 
for the same order of cost as the equipment described in our 
paper above. Furthermore, a very preliminary estimate of the 
cost of load-simulating devices shows that these would be of the 

- game order also. 

Mr. A. S. Aldred and Dr. P. A. Doyle (in reply): We would point 
out to Mr. Chorlton that, in the electronic analogue-computer 
representation of a synchronous machine, the analogue is not 
restricted to operate with a time scale different from unity. One 
main advantage is that the time scale can be changed with little 
| difficulty, except when operating in conjunction with a real 


* AMSON, C. and EL-SeRAFI, A. M. S.: ‘Simulation of the Transient Performance 
of Fee eer ots *Machines on an A.C. Network Analyser’, Proceedings I.E.E., 
Monograph No. 222 S, February, 1957 (104.C). 
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further development of the synchronous-machine simulator 
required to include electrical effects. 

In the simplified simulator described by Mr. Kaneff the 
saving in apparatus is not so great as would appear at first sight. 
If the load-voltage and current amplifiers can be dispensed with, 
this would apply to the original simulator also. However, I 
doubt whether the feed to the wattmeter current coil could come 
directly from a Selsyn, but it could be derived from the main 
buffer amplifier which will be required with either scheme to 
feed the analyser. I feel that, having regard to tachometer 
ripple and general noise effects, the use of the differentiator is 
the main disadvantage in the simplified scheme. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


component of a system, when it must be fixed at unity. The 
inclusion of the field circuit in the analogue and the link between 
the field circuit and the direct-axis circuit [namely —i,(xg — xg) 
in Fig. 1] automatically allows the direct-axis reactance to 
change from its transient value to its synchronous value during 
a disturbance. Provided that information relating the variation 
of reactances with saturation is available, these non-linear 
effects could be simulated. In its present form, however, no 
attempt has been made to allow for saturation in the analogue. 
The work on the effects of continuous fast-acting voltage 
regulators on synchronous-machine performance is being 
carried out using a simulated regulator loop, Some results have 
already been obtained which should be available for publication 
shortly. , 

We agree with Mr. Whitelegg that the electronic analogue 
approach is most useful in providing information about how a 
machine behaves, as opposed to a complete system. It is more 
difficult to obtain information about system behaviour, because 
of the extreme complexity of complete system equations. 
Further work is necessary to establish satisfactory methods of 
coupling a machine analogue to a conventional a.c. network 
analyser, in order that the advantages of both analogues can 
be fully realized. 

In common with Mr. Lyon we envisage a repetitive dynamic 
system analyser operating with a high base frequency with a 
repetition rate of, say, 20-30 solutions per second for continuous 
visual display. The initial high cost of electronic analogue 
equipment would to some extent be offset by the reduction in 
size of the network-analyser components. Research work along 
these lines is being carried out at Liverpool University, and a 
model 2-machine system is nearing completion. It is hoped to 
report on the results of this experiment in the near future. 

We agree with Mr. Aylett that it is necessary to introduce 
damping characteristics in any analogue representation of a 
synchronous machine. This can be done either by including in 
the initial analysis equations for the windings which contribute 
to damping, or by the introduction of a quantity Tp5 as a 
damping torque in the dynamic equation of motion of the 
machine. The first method would increase the size of the 
analogue considerably, but would have the advantage of accuracy: 
the second method is more simple, but is an approximation, since 
it appears that the coefficient Ty is not constant during a dis- 
turbance. This makes it difficult to assign the correct value to 
the damping coefficient, except for small disturbances, when 
damping torques can be evaluated by the method of small 
oscillations. 

Mr. S. Kaneff (in reply): The problem of synchronous-machine 
representation, whether for power-system investigations or 
machine design purposes, is necessarily complex. The more 
factors that require representation and independent control, the 
greater the complexity and cost; moreover, higher cost must 
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accompany higher precision. These facts are sufficiently well 
known and should cause no surprise or dismay. 

Compared with other computing aids (such as general-purpose 
analogue or digital computers), the number of electronic com- 
ponents used in the synchronous-machine simulation is very 
small. Moreover, the components are entirely practicable from 
the standpoint of reliability, and the desire to have apparatus 
which need not be calibrated every morning, but only every 
month or so, is met by suitable design. 

In reply to Mr. Chorlton, it certainly is inaccurate to employ 
a static network to represent machine impedance: this was 
done merely to follow normal network-analyser practice. If a 
study requires more accurate representation, it is quite practi- 
cable in a simple manner to switch from subtransient to transient 
to synchronous impedance (and also to include machine losses). 
Certainly the method still rests on the validity of the constant- 
flux-linkages theory, again because this has been normal practice. 
It is hoped eventually to simulate regulator action. 

In reply to Mr. Jones, the load-voltage and current amplifiers 
can be dispensed with in the original simulator; they were used 
originally because of the current requirements of the wattmeter. 
The feed to the wattmeter current coil could come directly from 
the Selsyn, so long as this had good regulation and could satis- 
factorily supply all current requirements, and so long as the 
wattmeter current coil had sufficiently low impedance. The 
advantage of the simplified scheme is that it requires no accurate 
Velodyne; its disadvantage is the noise effects on the differentiator, 
as suggested. 

It should, perhaps, be mentioned that the purpose of the 


° 


simulator under discussion has been to produce a device which 
can speed the setting-up and solution of present-day power- 
system problems, and at the same time be capable of adaptation 
to existing a.c. network analysers. Accordingly, there must! 
necessarily be limitations in the representation of synchronous 
machines. The principle, however, may be employed for a much} 
more detailed representation of synchronous machines, and 
recent work has indicated the possibility of representing induction | 
machines by an extension of the methods. If purely electronic; 
methods of representation are employed,* the simulator can) 
operate on a cycle-to-cycle basis in the same manner as the: 
actual machine. As stated by Mr. Whitelegg, there are two) 
classes of problem, those involving power systems as a whole: 
and those involving machines in particular: these classes require : 
different degrees of simulation, and it is reasonable to expect: 
that the methods of simulation may develop in different ways. _ 

As has been suggested in the discussion, the inadequacies in 
power-system studies are at present in the degree of accuracy 
with which network and machine parameters are known, and 
not in the accuracy of solution. A simulator (or any computing — 
aid) cannot be more accurate than the information available 
about the units being simulated, and the major problem seems 
to be in obtaining such information, rather than in devising more 
accurate computing aids. In the meantime, methods are available 
for speeding up solutions based on available information, so 
allowing a more thorough investigation of problems. For these 
reasons, is not the cost of added equipment justified? 


= 


* Kanerr, S.: ‘A High-Frequency Simulator for the Analysis of Power Systems’, 
Proceedings I.E.E., Paper No. 1497 M, August, 1953 (100, Part II, p. 405). 
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ES (1) INTRODUCTION 


The last review of progress on railway signalling* was made in 
_ 1949, and covered the period from the introduction of electricity 
) into railway signalling to the time of publication. The present 
_ review can therefore conveniently continue from that date up to 
the present time. ; 

__ The application of electricity to railway signalling has con- 
| _ tinued to make increasing progress, and the conversion from 
{ mechanical signals to colour-light signals, with power-operated 
systems making for the elimination of signalmen or the simplifica- 
i tion of the signalman’s work, has been growing. 


(2) COLOUR-LIGHT SIGNALS 


| The standard system of aspects in use throughout British 
} Railways provides for four indications: red, stop; yellow, proceed 
f at caution, prepared to stop at the next signal, which is at danger; 
) double yellow, proceed at caution, next signal at yellow and 
| insufficient braking distance from the yellow light to the signal 
* at red beyond; green, proceed. 
Indication of the direction in which the points are set at 
| junctions is given by means of a junction indicator, which 
} comprises a line of lunar white lights mounted above the 
} colour-light signal. The line of white lights may be at an angle 
| of 45°, or at greater angles if there is more than one diverging 
} route at the junction, and the plan of the lights is arranged 
' either to the left or to the right of the colour-light signal, indi- 
| cating the direction in which the train is to be diverted. A 
§ colour-light signal alone indicates that the train is signalled on 
the straight track, and a colour-light signal with the addition of 
a junction indicator indicates that the train is being diverted, 
generally over a lower-speed route. 

Shunting movements are governed by subsidiary signals, which 
are of the position-light type or of the movable-disc type. 
The two types of colour-light signals in use are 


(a) Searchlight signals.—A single lamp and reflector, together with 
a clear projecting lens, are used, and a small moving member carries 
three small colour filters, which can be moved by means of the 
electrically operated mechanism to cause the beam to be coloured 
red, yellow or green. 

(6) Multi-lens signals.—A separate lens and lamp are used for 
each colour, and the circuits for lighting the appropriate lamps are 
closed by contacts on the relays. 


The searchlight-type signal permits lower-powered lamps to be 
used, because an elliptical reflector can be employed and the 
efficiency of collection of the light from the lamp is higher than 
} with alens. With the multi-lens type of signal a reflector cannot 
be employed, because of the risk of phantom lights from reflec- 
tions of the sun or other sources. The lamps in multi-lens signals 
are almost invariably of the double-filament type, rated at 
25 watts, although in some instances a lamp rated up to 33 watts 
is in use. 

Methods of proving that the colour-light signal is alight vary. 
| In some instances, reliance is placed on the use of the double- 


* Woop, W.: ‘The Application of Electricity to Signalling for Railway Transport’, 
Proceedings I.E.E., 1949, 96, Part I, p. 34. 
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filament lamp and no other proving circuit is employed, but 
there is a tendency for proving circuits to be introduced. These 
generally comprise a circuit whereby a relay is energized in series 
with the filament of the lamp, and when the filament fails the 
relay causes a proving circuit to operate, which may cut in an 
auxiliary lamp or the auxiliary filament of a double-filament 
lamp. In some instances it is arranged to prevent the previous 
signal showing a clear aspect after the failure of the lamp filament. 


(3) POINT OPERATION 


Two methods of power operation of points continue to be 
used: in one an electric motor drives the point mechanism through 
gears, the direction of the rotation of the motor being reversed for 
the alternate movement of the points; in the other the power for 
the point operation is provided by compressed air acting on a 
piston in a cylinder, the admission of the air to the cylinder 
being controlled by electrically operated valves. Although 
electro-pneumatic operation of points dates back to the earliest 
installations of power signalling, there has been in subsequent 
years a tendency for the electric-motor-driven machine to be more 
favoured, since it avoids the need to provide a compressed-air 
supply. In more recent years, however, the greater simplicity 
of the electro-pneumatic system has again brought it into favour, 
and several large installations employing electro-pneumatic opera- 
tion of points have been installed. 

The complete security of the points against inadvertent 
operation while a train is passing over them is of great impor- 
tance, and the fitting of an additional and separately operated 
lock to the point mechanism is becoming increasingly favoured. 
This ground track-lock is controlled by the track circuit, end 
because it is provided with an entirely separate circuit from that 
used for operating the points, it is a great safeguard in maintaii- 
ing the points securely locked during the passage of a train. 
This track-lock (Fig. 1) is generally operated entirely electrically, 
an electromagnet withdrawing the lock, which is normally held in 


Fig. 1.—Ground track-lock fitted to points mechanism. 
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position by gravity. Proving contacts are provided to ensure 
that the lock is secured before the signals are cleared. Recently, 
experiments have been in progress with the design of an electro- 
pneumatically operated lock for use where compressed air is 
available, since this type of equipment is better able to withstand 
the vibration experienced on the track. 


(4) TRACK CIRCUITS 


Most modern signalling installations include a.c. track circuits 
and, generally speaking, the design has been standardized in two 
forms. Where the demands of the d.c. return through the 
running rails are not too heavy, so that one rail will suffice for 
this purpose, or where the running rails are not used for traction 
return, the single-rail condenser-feed track circuit is employed. 

- This circuit comprises a supply of power, generally at 100 or 
110 volts, feeding in series through a tapped condenser to the 
track-circuit rail, with a relay connected at the far end of the 
track-circuit section; it gives a high train shunt—-1 ohm or slightly 
more is generally achieved—and is extremely simple to adjust. 

Where both running rails are required for the traction current 
return, impedance bonds must be provided at each end of the 
track circuit to enable the rails to be insulated into sections but 
to maintain a continuous path for the d.c. traction return. Fig. 2 
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Fig. 2.—Track circuit for third-rail system. 


sh ws a typical track circuit employing impedance bonds for the 
return current. The main winding of the bonds is connected 
directly between the two running rails, and although a large iron 
core is provided, only a few turns can be arranged on this winding, 
so that its impedance to the track-circuit current is low. It is 
thus the practice to provide additional windings, giving a step 
up in voltage, to which condensers are applied, producing a 
resonating effect on the impedance bonds and greatly increasing 
the impedance as affecting the track circuit operation. Advan- 
tage is taken of this winding to provide the connection for the 
feed and the relay, and as shown in Fig. 2, the condenser at the 
feed end performs the double purpose of resonating the circuit 
of the impedance bond and controlling the current entering the 
circuit from the 110-volt supply. At the relay end of the track 
circuit the relay is connected to the secondary winding on the 
impedance bond in series with the resonating condenser, and the 
comparatively high voltage of this circuit enables the relay to 
be placed at any convenient point, such as in the signal-cabin 
relay room, without serious loss in the cable from the track 
circuit. The use of resonated impedance bonds has rendered 
the track circuit sensitive to frequency variations, and the post- 
war variations in frequency of the Grid supply have been trouble- 
some and have resulted in special machines being installed to 
correct the frequency of the power supply used for signalling. 
For use with single-rail a.c. track circuits, where an improye- 
ment in train shunt is desired, a special arrangement using an 
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Fig. 3.—Track circuit with injector-type relay. 


injector-type relay has been introduced. The injector relay 
contains a small transformer, the secondary of which is con- 
nected in series with the track winding, but the polarity is the 
opposite to that required to energize the relay. This opposing 
e.m.f. has to be overcome by the e.m.f. from the track circuit 
before the relay can be energized. In effect, this raises the 
percentage release value of the relay, which results in much 


higher train shunt being obtained, even with long track circuits., | 


Fig. 3 shows a track circuit using an injector-type relay. 


(5) RELAYS 
The relays used for signalling circuits must meet stringent 


requirements with regard to reliability of operation, for there | 
must never be any possibility of a relay failing to open its contacts 


when it is de-energized. 


In some power signalling equipment, particularly for anything — 
having moving parts, proving circuits are used to ensure the © 


correct response under all conditions and to prevent any accident 


arising, even though it should fail to function as normally — 


intended. Up to the present, however, it has not been 
possible to devise a really satisfactory proving circuit for many 


signalling relays, particularly the track-circuit relays, and the 


integrity of the signalling system therefore continues to depend 
entirely on the proper working of these relays. 


Basically, the design of signalling relays has not changed very | 


greatly over the last 30 years. The d.c. relay is of the attracted- 
armature type, with gravity release, the contact springs being 
mounted directly on the armature. A.C. relays are of the type 
with an aluminium vane working in the air-gap of one or more 
magnetic circuits. In a relay required only for circuit work a 
single-element winding suffices, and a typical relay, which would 
have six contacts to make when the relay was energized, would 
operate on 24VA. In the track relay, however, the sensitivity 
must be much higher than can be obtained by a single-element 
magnetic circuit: a double winding is therefore used, one winding | 
producing no torque in the aluminium vane but most of the 
power for its operation when the flux is combined with a flux 
produced by a control winding. A typical a.c. track relay, with 
six contacts making when the relay is energized, would use 
33 VA on its local winding, but the control winding would give 
full operation of the relay on 0:5 VA. 

A particular feature of the contacts used for signalling relays 
is that there must be an absolute safeguard against the possibility 


:. Sane oe together. For this purpose, one of each pair 
eB acts is always made of carbon, the usual material for the 
_ second at present being silver. 
fa With the introduction of larger signalling installations, ready 
a eans of disconnecting the relays for servicing became necessary, 
pend detachable terminal tops have thus been introduced to permit 
- the wire connections to be left in place while the relay is 
_ removed. With a similar objective, plug-in relays have also been 
_ introduced recently, the connections being brought out to plugs 
inserted into a socket mounted in a vertical position on the relay 
_ tack, so that the relay can be drawn out and a spare inserted 
_ without disconnecting the wires from their permanent connec- 
tions on the relay rack. Plug-in relays have been designed for 
- both d.c. and acc. circuits. 
As a result of the use of circuit interlocking, special relays 
Hl adapted to work with this system have been introduced. One 
1 particular design not only carries a large number of contacts for 
_ Operation of the appropriate signalling circuits, but is provided 
| with electrically operated ‘locks acting on the main armature of 
x the relay, these locks having their own operating coils. The 
main movement of the relay is thus prevented from responding, 
} even though the main coil is energized, until the lock holding the 
_ armature has been released, thus performing some of the inter- 
: - locking functions within the relay. 


Prat 


¥ (6) CABLES 
| Signalling cables work under extremely arduous conditions, 
and the utmost reliability is required. For this reason, special 
} cables are generally used, manufactured to specifications drawn 
up by British Railways. Those connecting the signal cabin to 
_ signal and points are generally lead-covered, with oiled paper or 
: rubber insulation. Multi-core cables are sometimes connected 
to terminal boxes fitted beside the line, where it is required to 
“make connections, while on the railways of London Transport, 
individual lead-covered cables are used for each circuit, with the 
| lead sheath used as an earthed screen between circuits. 

A new form of screened cable has recently been introduced for 
| signalling circuits, providing a very high degree of security 
| derived from its screening. Each pair of conductors comprises 
4 a central conductor, insulated by rubber or Neoprene, and a 
concentric conductor outside this insulation, in the form of a 
| braided screen, this, in turn, being insulated by a thin layer of 
p.v.c. Each circuit is arranged so that its live side is connected 
| to the inner conductor and its return side to the outer conductor 
| orscreen. In this way, the live conductors are entirely screened 

from one another and the possibility of any stray current, through 
a fault in the insulation, passing from one circuit to another is 
| eliminated. A number of these screened conductors are made 
| up in a cable, which is lead sheathed. 
In the wiring of relay rooms associated with signal cabins, very 
large quantities of wire are used, and the avoidance of any risk 
of fire is important. For some years, therefore, considerable 
attention has been given to the development of a flameproof 
wire for this purpose, largely depending on a non-inflammable 
lacquer on the outside of the braiding. More recently, however, 
a wire having much higher fire-resisting properties has been 
introduced, on which the Neoprene insulation is covered on the 
outside with a braiding of glass fibre, the outside of this being 
coated with a non-inflammable lacquer. Should an external fire 
damage the wire, the glass braiding will maintain the insulation 
between the conductors, and the risk of current passing from 
one circuit to another under these conditions is greatly minimized. 
The cables for connection to the track have particularly 
difficult working conditions, and rubber insulation is customary. 
Recently, however, a cable with a very substantial sheath of 
Neoprene has been developed for this purpose; it requires no 
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protection other than its sheath and can therefore meet the 
difficult conditions of movement of the track more readily than 
cables mounted in steel pipes or concrete troughing. Fig. 4 
shows details of these special cables. 
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Fig. 4.—Signalling cables. 


(a) 1/-064in 3-core screened. 
(b) 1]/-064in 10-core screened. 
(c) 1/-052in glass-braided flameproof. 


An important feature introduced into the cables for connection 
to the track, and one making for long life, is the vulcanizing of 
the ends of the cable with a metal-to-rubber bond on to a suitable 
metal fitting forming part of a junction box or the case of the 
apparatus on the track. The vulcanizing yields an extremely 
waterproof joint and strengthens the cable at the point of entry 
to the case, which, without some such arrangement, tends to be 
a weak spot at which vibration is concentrated. 


(7) SIGNAL-CABIN CONTROL METHODS 


The use of power operation for signal cabins has now become 
almost the recognized standard, and mechanical signalling is 
installed only in the less important places. Progress has been 
towards the provision of easier operation by the signalman, and 
although power frames have continued to be installed in quite 
considerable numbers employing interlocked levers, most of 
which have adopted electrical interlocking, the tendency has been 
to provide most of the larger installations with thumb switches 
or pushbutton control for the signalman. Most of these employ 
circuit interlocking, although one trial installation has been made 
where the interlocking is achieved by means of rotary shafts 
carrying contacts, very similar to one form of automatic telephone 
exchange. It is claimed for this type of equipment that the inter- 
locking tends to be simplified, since conflicting functions can be 
connected through contacts spaced at different positions on the 
same shaft, and interlocking between these circuits then becomes 
automatic, according to the position in which the shaft has 
stopped. More commonly, however, the equipment is provided 
with circuit interlocking by means of appropriate electrical cir- 
cuits. With these, route control is usually employed, in which 
the setting of one thumb switch causes an entire route between 
two points on the layout to be set up, including the correct 
setting of the points and clearing the appropriate signals. In 
one form of installation, the route setting is done by pushbuttons 
instead of thumb switches, one at each end of the route having 
to be operated in order to determine the route to be set up. 
The thumb switches can be arranged either in a geographical 
layout by combining them with the illuminated diagram or on a 
separate panel.. Both types continue to be installed, and while 
the geographical layout has some attractive features, mainly on 
the score of simplicity of learning the operation, the separate 
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(a) 


Fig. 5.—Contrast in contro! panels and illuminated diagrams. 


(a) York: operating thumb-switches on separate panel. 
(b) Potters Bar: thumb switch at route entrance, pushbutton at route end. 


panel enables the thumb switches to be arranged more con- 
veniently within the signalman’s reach. 

Fig. 5(a) shows the control panel at York, which is the largest 
circuit-interlocking installation in existence, and, in contrast, 
Fig. 5(6) shows the much smaller set at Potters Bar. 

On London Transport, an interlocking machine has been 
introduced in place of circuit interlocking: it is controlled from 
a desk equipped with self-resetting pushbuttons, only one button 
movement being required for each route set up, and preselection 
has also been adopted, provision being made for storage of one 
movement ahead of the actual train movement in progress. The 
interlocking machine has mechanical interlocks and is arranged 
so that each shaft is operated through an angle appropriate to 
make or break the signalling contacts by one of a pair of small 
compressed-air cylinders controlled by electro-pneumatic valves 
actuated by the control circuits initiated by the pushbuttons. 
Such a machine enables much of the complicated circuit work to 
be carried out with less trustworthy, and therefore cheaper, 
equipment while maintaining the fullest integrity of the signalling 

circuits between the interlocking machine and the Sens 
equipment, such as points or signals. 


(8) AUTOMATIC JUNCTION OPERATION 

The automatic operation of points is not a new feature, and the 
automatic operation of a single crossover at the terminus of a 
line has been in operation at several places for as long as 30 years. 
More recently, much attention has been given to the possibility 
of the automatic setting of junctions where the route of the train 
has to be determined. In the United States a considerable 
amount of work has been done on a system of automatic indica- 
tion of its destination from the train itself. This comprises a 
tuned coil carried on a train which, when it passes a coil 
mounted beside the track, causes an oscillation to be set up 
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at the frequency of the train coil; thus, with train coils tuned 
to different frequencies, it is possible to indicate the different 
destinations, and junctions can be automatically set by this 
means. In this country, a noteworthy installation of auto- 
matic junction setting was installed by London Transport at 
Camden Town. The route to be taken by the train is signalled 
ahead of the train by means of the train describer used to advise 
passengers of the train’s destination and was previously used to 
advise signalmen of the route to be set. In the Camden Town 
installation, the train describer is connected to the signalling 
equipment, so that the destination indicated for each train 
automatically causes the junction points to be set to the corre- 
sponding route and the signals cleared. There are four such 
facing junctions at Camden Town, all train-describer operated. 
The converging junctions cannot be operated from the train 
describer, but they are arranged to be set automatically on the 
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represented by a single shaft near the centre of the diagram. All 
circuits to the right of this must be of the highest integrity, since 
the safety of the train operation depends upon them, but all 
circuits to the left only operate the compressed-air cylinder 
rotating the interlocking machine shaft, and thus, although 
reliable, do not need to be so highly trustworthy, the full protec- 
tion for the traffic being provided by the interlocking machine. 

The plan at the top of Fig. 7 shows the particular portion of 
track governed by this section of the signalling, and it will be 
observed that it is a simple diverging movement, the points being 
No. 19 and the signal No. 4. The signal is provided with a 
junction indicator, indicating to the driver the direction he will 
take over the points. 

For full automatic operation a contact is provided, actuated by 
the train describer, and in this case, a Golders Green or Edgware 
description sets the points to the left, and an Archway, High 
Barnet or Finchley description sets the points to the right. 

The relays 4LXR and 4RXR are the two governing the pre- 
selection of movement of the shaft of the interlocking machine, 
and these are controlled by the contact on the train describer, 
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| approach of the train, the first train to approach them causing 

| the points to be set and the signals to be cleared for it. This (9) AUTOMATIC TRAIN CONTROL 

} installation is provided with an auxiliary panel of pushbuttons, In England automatic train control remains very much in the 
so that, in the event of it being necessary to arrange the route of development stage. The mechanical system installed throughout 
the train differently from that shown on the train describer or the Western Region continues to operate successfully, but inten- 
‘to change its destination, this can be done by manual operation sive trials are being carried out with an alternative system 

of the pushbuttons. employing magnetic communication from the track to the train, 

_ Fig. 7 shows a typical circuit for automatic junction control and it is probable that this system will, in time, be adopted for 

| by train-describer operation, the interlocking machine being British Railways generally. A noteworthy installation of auto- 
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matic train control, with cab signalling, has been installed in the 
subways at Stockholm; wayside signals have not been provided, 
except where there are junctions, and the trains run entirely 
under the control of the cab signalling system. The cab signal is 
a continuous one, operated by induced currents carried in the 
running rails and picked up by coils mounted on the front of 
each train and just above the running rails. The basic 75c/s 
signalling supply is interrupted so as to provide a varying fre- 
quency of pulses or codes, the high-speed cab signal correspond- 
ing to 180, and the medium-speed signal to 75, pulses/min; 
the low-speed signal is given either by a steady supply at 75 c/s 
or by no current at all. The train is provided with a speed 
governor having settings at two speeds corresponding to the 
cab-signalling indication: if its speed exceeds the value indicated 
by the cab signal, an automatic brake is applied and the speed of 
the train reduced. Thus the driver can normally control his 
train in accordance with the indications of the cab signalling 
system, but the equipment automatically applies the brakes if he 
fails to observe these indications. 


(10) SPEED-CONTROL SIGNALLING 


A special form of signalling in which provision is made for 
measuring the speed of trains has been introduced by London 
Transport. This is a special arrangement and applicable only 
to an electrified railway having a very close service of passenger 
trains. Basically, the principle involves measuring the speed of 
an oncoming train, and if the speed has been reduced the signals 
are cleared so that the train may approach closer to a stationary 
train in front than would be safe unless the speed of the oncoming 
train had been so reduced. 

The original installation provided for the measurement of train 
speed by timing it over a measured length of track circuit, by 
means of a specially designed time control relay. Very recently, 
a new method of measuring the speed has been introduced, in 
which the cast-iron shoe of the train, in passing over an inductor 
fixed on the track, generates a small current whose frequency is 
proportional to the speed of the train. After amplification, this 
current is used to operate a frequency-sensitive relay arranged to 
respond to any frequency below a set value, which generally 
corresponds to 25 or 20m.p.h. 


(11) TRAIN DESCRIPTION 


Train describers are a necessary adjunct to power signalling, 
especially when the latter is used to reduce the number of signal- 
men required. A train describer is used to advise the signalman 
of the destination of a train approaching the signal box, and it 
can also be arranged to display signs for the information of 
passengers. Train describers were first introduced on the 
Underground Railways of London nearly 50 years ago, but since 
that time, improved designs have been used on the main-line 
railways. 

The essential feature of a train describer is some means of 
storage of the descriptions. The earliest type used a mechanical 
drum capable of indicating up to 15 different descriptions and 
storing 32; it required four line wires and rail return, and was d.c. 
operated on a code-of-four system. Later designs used pulse 
codes for transmitting the descriptions from point to point, and 
hence only two line wires were required. In one system, storage 
is carried out by means of telephone-type uniselector switches 
combined with telephone-type relays: the number of descriptions 
stored is dependent upon the number of uniselectors provided, 
and in order to keep the amount of equipment reasonably low, 
it is the practice to retransmit automatically the descriptions from 
point to point as the train progresses. Another type employs a 
paper tape for storage. Holes are punched into the tape over 


‘number of train descriptions to be stored. Transmission by the ) 


a section, the punching of the holes determining the description |} 
to be given; no difficulty arises in providing facilities for a large | 


signalman of the train descriptions is carried out either by 
operating a pushbutton or by setting a pointer on a dial. It is jj 
at present common practice for retransmission for a train passing | 

a signal box to be carried out automatically, and in this instance 
the line on to which the transmission shall take place is deter- i) 
mined by the set of the junction. il 


(12) AUTOMATIC TRAIN ANNOUNCER | 

On the Eastern Region an automatic train announcer has been | 
installed and is arranged to reproduce standard announcements 
to coincide with the arrival of trains, without the operator having» 
to continue to repeat the same message. The announcements 
are recorded on a loop of magnetic tape 3in wide, and the 
reproducing head is moved across the tape by a selector mech- 
anism so as to reproduce the appropriate announcement. The | 
tape has a capacity of 25 recording tracks and is in the form of a 
continuous loop, 30ft in length, driven at 7-Sin/sec. The joint 
in the tape is formed by a metal jointing piece, which also acts to 
close a contact as the joint passes, thus indicating that one 
complete announcement has been made and that the tape is at 
the beginning of any fresh announcement. 

The apparatus is set by an operator pressing the appropriate 
button on a control panel, and storage is provided so that 
announcements can be preselected as trains approach. The 
announcement is set in operation when the train occupies 
suitably positioned track circuits, and it is normally in two parts— 
a ‘train approaching’ announcement and, after a suitable delay to - 
permit the train to stop at the platform and the doors to open, 
a ‘train standing’ announcement. During a busy service, when | 
there is not time for a double announcement, the ‘train approach- © 
ing’ portion is automatically cut out. 

An experimental installation was also made, some years ago, 
of an automatic train announcer operated direct from the train > 
describer. Such an installation needs no operator. 


(13) MECHANIZATION OF MARSHALLING YARDS 
The introduction of mechanization into marshalling yards for — 
goods wagons is a feature of growing importance in the operation 
of railways, and it has caused the introduction of a number of 
electrical devices to aid the operation of the sorting of the wagons. 
A mechanized marshalling yard is constructed with a hump at 
the entrance to a fan of sidings, providing a down gradient of 
about 1 in 20 on which the trucks run by gravity. Track brakes 
or retarders are provided just below the hump, so that control. 
can be exercised on the speed of wagons running down the slope. | 
Points leading into the sidings are operated either electrically or » 
electro-pneumatically and are specially arranged to move very 
quickly. | 
The method of working is that a train of goods wagons, which 
is being sorted according to the destination of the wagons, is first 
uncoupled so that the individual wagons or groups of wagons 
for the same destination are free to run separately, and then 
with a locomotive at the rear, the train is slowly propelled 
over the hump. As each wagon passes over the hump on to the 
down gradient, it begins to run by gravity and separately from 
the wagons behind. The wagons are directed into the appro- 
priate siding according to their destination by operating the 
points between the wagons. The speed with which the wagons 
run down the incline must be sufficient to carry them to the 
extreme end of the siding, but as the sidings become filled with 
wagons, the speed of the wagon down the incline must be checked 
by the retarder, so that the wagon runs only to the required spot 
in the siding comparatively gently. 


pe: 


The procedure for dealing with the wagons through the 
‘marshalling yard can be divided into three main groups, namely 


(a) The gathering of information as to the make-u i 
: ; -up of the train, 

so that the wagons can be directed into the fecniias sidings. 
Pe brane ps ge 4 the points between the wagons or 

: ups of wagons, so that the wagons are di - 
Se line. g irected to the appro 

(c) The control of the speed of the wagons, so that they will run 
to the correct point in the siding and not collide too violently with 
the wagons already standing there. 


SERIES. SP a aS 


_ The first operation necessitates the reading-off of the destination 
. of each of the trucks comprising a train from the ticket which is 
vi clipped on the side of each truck. One of the essentials is the 
_ rapid transference of this information to the control tower from 
which the points are operated, and a number of methods have 
been used for improving this operation. In some installations, 
Fg the man who stands beside the track and reads the tickets on the 
~ wagons is provided with a microphone, so that he can repeat the 
- destinations of the wagons as they pass, and this information is 
_ written down by an operator listening to a loudspeaker. An 
g improvement on this arrangement provides for a tape recorder 
to take down the original message from the man reading beside 
| the track, and then by means of a teleprinter circuit, an operator 
- transcribes from the record on the tape to the teleprinter, which 

produces a printed list of the destinations at the control tower. 
In some very recent installations, particularly in the United 
States, the use of a closed-circuit television equipment has been 
introduced for reading the tickets on the wagons. A camera is 
placed at a suitable point beside the track and the receiving set 
placed in a convenient office. This enables the wagon details to 
be read direct from the office, without the man standing beside 
the track. 

The points for switching the wagons are controlled from a 
tower near the top of the hump, by thumb switches or push- 
buttons, generally arranged on a sloping table and in geographical 
form in accordance with the plan of the lines. The points them- 
~ selves must be operated very quickly, and this is done either 
by electro-pneumatic operation or by special high-speed point 
machines driven by electric motors. The operation of the points 
is controlled by rail circuits, connected in a similar manner to a 
track circuit, but arranged on the normally-de-energized principle, 
instead of the normally-energized principle, of the track circuit. 
This different circuit is necessary to obtain the high-speed 
response required for this type of work, and the high degree of 
safety of the normally-energized track circuit is not required. 

In addition to the operation of the point machines direct from 
the control panel, provision is nearly always made for storage of 
the required arrangement. The provision of a suitable storage 
device enables the operator to set up the point movements 
required for a whole train, and thereafter the operation of the 
points is automatically controlled by the appropriate rail circuits 
as the wagons pass over them. Various methods of storage are 
in use, the most common being sets of relays, but in France 
special machines are in use, operated by steel balls which run 
down trackways and are released, step by step, to correspond 
to the progress of the wagons and making contact at each step 
for the operation of the appropriate points. 

Communication between the operator in the control tower and 
the driver of the locomotive propelling the wagons over the 
hump is of considerable importance, and v.h.f. radiotelephones 
providing both-way communication are provided for this purpose. 

The retarders (Fig. 8) for the control of wagon speed have 
generally been operated by a special operator, and this requires 
extremely good judgment to determine the correct braking 
effect necessary on each of the wagons. Recently, experi- 
mental installations have been carried out to provide for 
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Fig. 8.—Cross-section of track retarder. 


(a) Open position. 
(b) Braking position. 


automatic operation of the retarders, actuated from devices that 
measure the speed and weight of the approaching wagon. Two 
methods of measuring the speed have so far been introduced. 
In one, the rails are divided into a series of extremely short 
insulated lengths and each piece of rail is connected to a separate 
rail circuit, which, in turn, is connected to a series of relays for 
measuring the time the wheels of the wagon take to pass over the 
short lengths of rail; from this, the speed of the wagon is indi- 
cated. In another arrangement the speed of the approaching 
wagon is measured by a device fixed to the track which emits a 
supersonic sound in the direction of the wagon; the sound is 
reflected from the front of the wagon back to a microphone and 
the reflected sound thus picked up, after amplification, is used, 
by means of the Doppler effect, to indicate the speed at which the 
wagon is moving. This information is then used to control the 
retarder and can be used to bring the wagon to a set speed, as 
indicated by the operator. 


(144) CODED CENTRALIZED TRAFFIC CONTROL 


Although it has not at present been in use on British Rail- 
ways, coded centralized traffic control is a feature of signalling 
which has made very great strides in recent years throughout the 
world, and much of this equipment has been manufactured in 
England. 

Coded centralized traffic control (c.t.c.) equipment was first 
designed and manufactured in the United States in 1927, and 
since then its use has continued to expand. It was originally 
designed for the control of the signalling of long sections of 
single line having passing loops, but its use has recently been 
extended to other purposes, including the control of reversible 
signalling on double lines, where this reversible signalling has 
been provided to enable more efficient use to be made of the 
tracks and permitting trains to be signalled in either direction 
over either of the tracks; the train movements throughout 
are safeguarded by the normal power signalling arranged beside 
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the track. Track circuits are employed throughout to detect 
the presence of the trains and to control the signals and points 
in each of the areas appropriate to the particular sections of 
track, and these provide the full safeguards for protecting all 
the train movements. 

The c.t.c. system provides a medium for sending controls from 
a central office to operate the appropriate signals and points, and 
thus to determine the precedence of the trains. A coded system 
is also used for the return indications, which provide on the 
control panel in the central office a complete indication of the 
positions of track circuits occupied by the trains and the positions 
of points and signals. This coded indication and control is 
carried out over two line wires, the code comprising a series of 
pulses. In one system, 16 pulses provide the necessary codes, 
both for control and for indication. Codes from the central 
office are transmitted to field stations connected to the common 
pair of line wires and located at suitable points for providing the 
control and indication from the local signalling. The number of 

field stations which can be connected in one circuit is limited by 
the number of pulses in the code, and is 35 field stations in the 
16-pulse system; however, it is possible to add further groups of 
35 field stations by means of carrier channels superimposed on 
the d.c. line wires. When this carrier system is employed, each 
group is operated by d.c. pulses. A carrier of suitable frequency 
is then superimposed on the d.c. circuit and, at the end of the 
first d.c. circuit, the carrier pulses are converted to d.c. pulses, 
which operate the circuit for the next group. If further stations 
are required, a second carrier frequency is superimposed on the 
first d.c. circuit and carried on to the second d.c. circuit, at the 
end of which the carrier pulses on the second carrier frequency 
are converted to d.c. pulses and actuate the third d.c. circuit. The 
carrier frequencies are generally in the range 10-45 kc/s, with a 
separation of about Skc/s. 

The distances over which a c.t.c. signalling system can control 
are very extensive. D.C. circuits themselves are generally limited 
to about 50 miles, although some extend to 150-250 miles. 
With the addition of the carrier, the distance covered by the 
system will include everything that could be reasonably required 
to be controlled from one office. 

The c.t.c. equipment is adapted to perform additional func- 
tions. For example, in areas where an electricity supply is not 
available provision can be made for a small local Diesel-engine 
generator to be started and stopped by means of the c.t.c. 
controls. In addition, provision is made for telephone com- 
munication over the common line wires to the various points at 
which signals are located, and this provides communication with 
the central control office when required. 


(15) CONCLUSION AND ACKNOWLEDGMENTS 


The indications are that power signalling will continue to be 
introduced on the railways of this country at an increasing rate. 
The projected electrification of much of the main-line railways 
will greatly accelerate the rate of this progress. 
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SE APPLICATION OF ELECTRICITY TO SIGNALLING FOR ROAD TRANSPORT 


A Review of Progress 


By J. STRINGER, M.A., and A. T. WILFORD, B.Sc. 


(1) INTRODUCTION 


When the previous review was written* very little installation eo 
2 of new traffic signals had taken place since before the war, and— 
} in London, at least—the lack of regular maintenance combined 
} with the extensive use of substitute war-time materials had led to 
fa comparatively low standard of reliability.! In the intervening 
+ eight years, not only has the performance of signals improved, 
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but there have been a number of new installations incorporating 
) novel features dictated by the complex traffic patterns at the 
_ respective sites. The outward form of signals has undergone 
no change since the present sequence of aspects,” i.e. red, red 
} plus amber, green, amber, red came into general use about 
| 1930 (see also British Standard 505: 1939). Advances have been 
) made, however, in the means for detecting the presence of a 

vehicle and in the automatic adjustment of signal timings to suit 
the ever-changing pattern of traffic as detected.3-4 So-called 
‘yehicle-actuated’ traffic signals» have long been the rule in this 
country, and installations must now be of this type to attract a 


§ grant from the Ministry of Transport. A new specification for 


traffic signals is at present being drawn up by the Ministry to 


f cover developments now considered necessary for optimum traffic 


control, including those described in the present review; it will 
§ also provide for greater standardization and convenience of 
~ manufacture. 
The successful application of automatic traffic signals to the 
§ solution of traffic-control problems depends, not only on the 
ingenuity displayed in the design of the electrical apparatus, but 
‘on the correct choice of cycle timings and other operational 
details. The problem of ensuring that delay to traffic is mini- 
mized without loss of safety is a difficult one, particularly where 
the volume of traffic is high in proportion to the capacity of the 
road or intersection, for in such circumstances random fluctua- 
tions in the amount and character of traffic may lead to the 
formation of queues of waiting vehicles, greatly increasing the 
overall delay. In such circumstances the average delay can be 
expressed only in a statistical form, and suitable values of the 
operating parameters cannot be established by deterministic 
| methods. In practice, an acceptable mode of operation for a 
| particular traffic signal is found by approximate calculation and 
subsequent adjustment on site, both when signals are first installed 
and at other times when the traffic pattern or volume may have 
altered. It is of interest to note, however, that studies are being 
made of the theoretical aspects of heavily loaded intersections. 
In research being carried out by the Road Research Laboratory 
of the Department of Scientific and Industrial Research the 
electronic digital computer Ace has been employed to calculate 
the average delay to vehicles as affected by the various parameters 
of a signal and by the volume of traffic.©.7 The results of this 
research, which have not yet been published in detail, may be 
expected to help in securing the optimum adjustment of traffic 
control systems. One result demonstrated, as shown in Fig. 1, 
js that when an intersection is heavily loaded the average delay 
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Fig. 1.—Average delay as a function of volume of traffic. 
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Oo 1000 


For inset diagram 


Ratio of flows = 1: 1. 
Saturation flow = 1800 vehicles/hour in each lane. 


is very sensitive to the degree of saturation (the actual flow divided 
by the maximum possible flow or capacity). It follows that at 
an intersection which is barely capable of handling the traffic 
which offers, a comparatively small improvement in capacity may 
result in a quite large alleviation of delay. This demonstrates 
the importance of schemes for increasing the effective capacity of 
an intersection and for ensuring that none of the time available 
for vehicles movement is wasted because of inability of the signals 
to respond to changes in the traffic pattern. 


(2) VEHICLE-ACTUATED SIGNALS 


As a background to appreciation of the electrical problems 
arising in the design of vehicle-actuated signals it is first necessary 
to describe the operating features which may be incorporated. 
The simplest form of signal is one which caters for two conflicting 
traffic movements, or ‘phases’ as they are termed. Such a 
signal is used at a normal crossroad intersection where the 
eastbound and westbound streams of traffic receive right of 
way alternately with the northbound and southbound streams. 
The principles of operation, and the features incorporated in the 
2-phase system described in this Section, apply similarly to 
systems in which three or more phases are given right of way in 
succession. 

The control mechanism arranges the timing of the ‘green’ 
periods and ensures that ‘amber’ is displayed for the standard 
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3sec. The ‘red’ and ‘red-amber’ periods of one phase are 
determined, of course, by the ‘green’ and ‘amber’ periods of the 
other. The ‘green’ period consists of two parts. There is a 
fixed minimum preset to such length that vehicles standing 
between the stop line and the detector pad in the road can start 
up and safely cross the intersection before the signals change 
again. Any further vehicle, by striking the detector, extends the 
‘green’ period for a number of seconds known as the ‘vehicle 
interval’ or ‘vehicle extension’ period, at the end of which time, 
if no further vehicle arrives and there are vehicles waiting on the 
other phase, the right-of-way passes to that phase. The vehicle 
interval can be made to vary in accordance with the speed of the 
approaching vehicle by the use of an electro-pneumatic system 
which is sensitive to the length of time during which the wheels 
are in contact with the detector. This means that, while a 
sufficient period is afforded for a slow-moving vehicle approach- 
ing a crossing, there is no time wasted with faster vehicles. A 
continuous stream of vehicles, with no spaces greater than the 
vehicle interval, could hold the right of way indefinitely, were it 
not for the provision of a maximum setting, which causes the 
signals to change when a vehicle on the phase which is at ‘red’ 
has been halted for a predetermined period. Thus a vehicle 
which has operated the detector in such a way as normally to 
extend the ‘green’ period, may nevertheless be stopped arbitrarily 
by operation of the maximum feature. It could happen that 
a vehicle, caught in this way between the detector pad and the 
stop line without further chance for its presence to be detected, 
would be held stationary for a considerable time. It is therefore 
necessary to provide for injection of an artificial demand, so that 
the phase which has lost right of way by operation of the maxi- 
mum setting reverts to it at the earliest opportunity. 

A further development which will be included in the new 
Ministry of Transport specification concerns adjustments to the 
‘minimum green’ period. In existing installations this is set to 
a time which is sufficient to enable a column of four or five 
vehicles, accommodated between the stop line and the detector 
pad, to clear the intersection. At slack periods this interval is 
unnecessarily long for the release of isolated vehicles. It is 
therefore the intention to make the ‘minimum green’ period 
vary, between preset limits in accordance with a count of the 
vehicles which have crossed the detector(s) during the ‘red’ 
period. 

The various time settings may be adjusted by means of hand-set 
switches within the controller box, so that the needs of individual 
intersections can be met with standard equipment. There is also 
provided a switch for each phase, by means of which a permanent 
artificial demand can be introduced, primarily for testing pur- 
poses. This artificial demand may be used to cause right of way 
to revert to the more important road without awaiting the opera- 
tion of the detectors by an approaching vehicle. The feature 
may also be used to compensate for a faulty detector until the 
fault can be remedied. It will be apparent, however, that some 
loss of efficiency results from the use of an artificial demand which 
is not related to the realities of the traffic situation. 

A signal system such as has been described will satisfy the needs 
of a straightforward crossing of normal proportions. With 
more complicated layouts, and where right-turning traffic or 
pedestrian movements are heavy, special provisions must be 
made.® The clearance period between opposing ‘greens’, when 
right of way is being transferred from one phase to the other, 
normally lasts 3sec, for which time ‘amber’ and ‘red-amber’ 
indications are simultaneously displayed on the two phases 
respectively. Where this period is not sufficient to clear the 
junction of vehicles before the new movement is released, and 
to cater, where necessary, for pedestrians, additional clearance 
time must be provided. In present equipment the ‘amber’ and 
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‘red-amber’ periods are both controlled by a common timer. |}, 
As a result, they may be concurrent or sequent, but they cannot — i 
overlap. New developments will allow for separate timers, so |f 
permitting overlapping of the ‘amber’ and ‘red-amber’ adjustable 
in 1sec steps. Where more time is required, it is arranged for |} 
all signals to show ‘red’ between the end of ‘amber’ and the | i 
start of ‘red-amber’. Such extensions of the clearance period jf 
naturally increase the lost time during which no vehicles are | 
moving into the intersection from its approaches. It will there- |} 
fore be appreciated that, if the clearance period exceeds the | 
minimum needed to prevent conflicting movements. of traffic, 
the capacity of the intersection is reduced. As was explained in 
the Introduction, this can only have the effect of increasing the ~ 
average time which vehicles spend in the queue waiting for the 
lights to change in their favour. It is therefore important that _ 
means should be provided for restricting the ‘all red’ clearance | 
period to the minimum necessary. Ata complicated intersection |} 
it may be controlled by extra ‘extending’ detectors placed in the © 
middle of the intersection, and it can be automatically suppressed _ 
if no vehicles have been detected on any phase in a predetermined 
time. 

A useful application of extendable ‘all red’ periods occurs in 
the case of a long narrow bridge or tunnel, wide enough for only © 
one lane of traffic. The approaches are detected and right of way © 
is allocated in a manner similar to that at a road crossing, but — 
further vehicle-detector pads are placed on the bridge, so that 
if a vehicle enters immediately before a signal change, its progress 
is followed and the ‘all red’ period extended until the last detector 
is passed, when the opposing traffic is released. By these means 
the ‘all.red’ period is adjusted to suit the speed of the vehicle on 
the bridge.? | 

Further features may be incorporated in the central mechanism ~ 
to deal with the particular traffic problems of individual inter- 
sections.!° An example is the use of green arrows to permit the 
left-turning traffic to filter during part of a period when the 
straight-through traffic is halted. Another case is the use of ‘late 
start’ or ‘early cut off’ applied to only one of the streams of traffic | 
making up a particular phase. This facility is used, where the — 
layout of the intersection allows it, to enable right-turning traffic 
to clear from the stream then running alone. Where, as in the 
centre of a large town or city, signalled intersections are close | 
together, it is often advantageous for their functioning to be | 
governed to some extent by a common control which can take — 
account of conditions over a wider area. The operation of such 
systems can best be described by reference to actual installations, 
and details of two recent examples of special interest are given 
later in this review. : 


(3) PROVISION FOR PEDESTRIANS 

At a simple cross-road intersection, pedestrians can normally 
cross the road in comparative safety by obeying the signals 
applicable to the parallel stream of traffic. Where pedestrian 
traffic is heavy, however, or where the traffic includes a high 
proportion of vehicles turning across the pedestrians’ path, serious 
interference with the smooth flow of traffic can result and, in the 
confusion, accidents are more likely to occur, to the particular 
danger of pedestrians. An ‘all red’ period can be included in the 
cycle to allow the pedestrians free movement. 

The disadvantages of a fixed ‘all red’ period in reducing 
capacity of an intersection has already been stressed, and some 
benefit is gained by making the signal control responsive to 
pedestrian actuation, so that the pedestrian phase is omitted 
when there is no demand. Where this feature is incorporated, 
well-defined pedestrian lanes are marked on the road and ‘Cross 
Now’ signals are located facing inwards across them. Push- 
buttons are mounted on the signal poles by means of which a 


i demand for inclusion of the pedestrian phase in the cycle can be 
mee stcred. Normally this pedestrian phase does not have the 
_ same variation as vehicle actuation, i.e. its length is fixed. 
3 Another difference is that, while the ‘red’ aspect is mandatory to 
5 drivers, obedience to traffic signals is not legally required of 
‘ pedestrians. 
i A similar application of traffic lights to meet the needs of 
¢ pedestrians is the pushbutton-operated signal situated on a main 
road, not at an intersection, but where both pedestrian and 
vehicular traffic are heavy. In the absence of pedestrian 
be demands, the ‘green’ signal is displayed to traffic in both direc- 
tions. When the button is pressed, traffic is stopped by the 
; usual ‘amber-red’ sequence, and a fixed period allowed for 
pedestrian movement. As normally arranged, further pressure 
on the button does not extend the period of pedestrian right of 
way, and, once the traffic is again moving, a definite period must 
elapse before it can be halted. These operational requirements 
can be met with a form of controller simpler than the fully- 
i traffic-actuated pattern, the apparatus used being a standard 
fixed-time controller such as is manufactured in this country for 
application abroad, where in some places the lower cost of the 
simpler apparatus is an attraction and the operational disad- 
| vantages of fixed-time cycles can be tolerated. The circuit of 
a this type of controller is adaptable and provides for separate 
adjustment of the timing of each phase by means of a plug- 
board. The apparatus can be employed in a variety of ways, 
short of full vehicle actuation. For instance, the pedestrian 
controller can be linked with any signalling scheme, so that 
| pedestrians are not invited to cross at a time when a body of 
traffic has been released from an adjacent traffic light. 
A recent innovation in the road-signalling field is the flashing 
Belisha beacon used to mark pedestrian crossings. The need 
for some form of illumination of these beacons arose with the 
introduction of ‘zebra’ striping, which is often not conspicuous 
to approaching drivers when viewed under street lighting, par- 
ticularly if the road is wet. Increased use of the striped crossings 
by pedestrians made it more than ever necessary for a motorist 
to have advance warning, by night as well as by day, that he is 
approaching a pedestrian crossing. Experiments carried out 
under the auspices of the Ministry of Transport and of the Road 
Research Laboratory of the Department of Scientific and 
- Industrial Research pointed to the flashing beacon as being the 
most satisfactory form of illumination to attract the attention of 
drivers.!-!2 Simplicity and reliability are important requirements 
for the flashing unit, particularly in view of the large number— 
approximately 12000—of pedestrian crossings in the country. 
The unit must be capable of controlling a tungsten-filament lamp 
or lamps up to a total load of 200 watts (though normally 40 or 
60 watts is used per beacon) to give on and off periods of #sec 
each, timed to an accuracy within +10%—approximately 
20 x 10° switching cycles per year. Early experience showed 
that, with beacons independently controlled, irritating light 
patterns could be produced where several pedestrian crossings in 
a street were visible at the same time. It was therefore found 
necessary. to arrange for the two beacons at a crossing to flash 
in synchronism with each other and in some cases. with other 
adjacent beacons. 

The basis of one control mechanism is a synchronous motor 
driving a cam-operated contact. Synchronization of adjacent 
beacons is achieved by the simple device of advancing or retarding 
the making and breaking of the main contacts, so that, with one 
of the beacons flashing, the remainder can each be adjusted 
visually to flash at the same time. The accuracy achieved is 
claimed to be within zssec, which is sufficient to eliminate the 
irritating light patterns which might prove a distraction to drivers. 
By providing a separate control for each light and using this 
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method of synchronization, no interconnection between beacons 
is required other than that all are connected to the a.c. mains. 
The flasher unit is arranged to plug into its mounting, so pro- 
viding for easy removal and replacement for maintenance. It 
is usual for beacons to be illuminated by day and by night, but 
a time switch can be included in the circuit so that the beacon 
lamp flashes only during a predetermined period. In this case 
the synchronous motor of the flasher unit remains running con- 
tinuously, so that adjacent beacons do not lose synchronism. 
Fig. 2 is a circuit diagram of the complete flasher unit with time- 
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Fig. 2.—Flasher unit, with time switch. 


switch operation and radio and television interference suppressors. 
With d.c. mains and in some other cases where convenient, 
several beacons may be connected to one flasher. 

All the pedestrian beacon equipment was subject to approval 
by the Ministry of Transport, it was thus possible to arrange that 
housings and components of any manufacturer may be readily 
interchanged with those of other makes. 


(4) CONTROL EQUIPMENT 
The equipment of a vehicle-actuated traffic-signal installation 
consists of 


(a) Detectors, to pick up the arrival of each vehicle. 
(6) A controller, receiving impulses from the detectors, storing 


and sorting them in accordance with the phases and timing circuits, 
and switching the signals at the appropriate time. 
(c) The signal heads, conveying instructions to drivers. 


At the time of the previous review (1948) the pressure-sensitive 
detector had been generally adopted in this country: this type 
has since continued in exclusive use, but has been improved so 
as to simplify installation and maintenance. 

Two rubber strips are now employed in place of the former 
broad rubber mat, which contained two longitudinal air passages 
and was set in a cast-iron or steel frame. With either type, the 
passage of a vehicle over the detector causes an increase of 
pressure in the air, which actuates a pneumatically-operated 
contactor. In one make,!3 the two strips are held in dovetail 
channels in a mild-steel frame of unit construction, made up in 
2ft lengths. For installation, an appropriate number of frame 
sections are coupled together and supported by temporary 
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battens at the correct height in a prepared trench, and they in 
turn support reinforcing rods. Concrete is then poured, thus 
forming a beam of great strength, tailored to the contour of the 
road. When replacement is necessary the rubber strips are 
readily pressed into place in the dovetail channels. In another 
make, separate rubber tubes are held flush with the road surface 
in a fabricated steel framework. The tubes are securely located 
by a spring bar which passes through the length of each and, 
being under tension, exerts a downward pressure at all points. 
To replace a tube it is necessary merely to remove four studs 
and lift out the spring bar and tube; the spring bar is then 
inserted into a new rubber tube and the assembly replaced. The 
operational requirements for a detector are exacting: it must be 
sensitive to any pressure, from a bicycle to a heavy lorry, and 
must discriminate between vehicles entering and leaving the 
junction; in the event of a vehicle parking on its surface, the 
detector must remain able to detect vehicles passing round the 
obstruction (this is achieved by so shaping the rubber sections 
that the air passage cannot be entirely closed); an air leak is 
also provided, so that the original impulse of the parked vehicle 
decays. As a result of development work in recent years, the 
reliability of detectors and their associated pneumatic contactors 
has improved considerably, while replacement of a faulty 
pneumatic unit in the street takes only a matter of minutes, so 
that the interference with traffic flow is minimized.!4 
Unidirectional detection may be achieved either mechanically, 
by interlocking the movement of the bellows, or electrically, 
using the two impulses obtained from the separate tubes of the 
detector. A diagram!> of a unidirectional switching is given in 
Fig. 3, in which the normal sequence of operation of the 
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Fig. 3.—Circuit for unidirectional detection. 


pneumatic contactors is A-B. Should B be energized first, by a 
vehicle leaving the junction, the controller circuit from A is 
opened by relay B and does not operate. Contact B, provides a 
slow-release feature to cover the transit time of the vehicle 
between the detector tubes, which in this make is about 
60millisec at 5m.p.h. 

The value of a signal-detector system sensitive to vehicle 
speed is that the vehicle interval can be automatically adjusted 
so that a slow-moving vehicle is allowed adequate time, while a 
fast-moving vehicle does not claim more time than is necessary 
for it. Speed timing will, in future, be called for in all vehicle- 
actuated systems, and will be achieved from the time interval 
between the pulses from the two strips of a detector. A circuit? 
used in the latter case is shown in Fig. 4, the method of operation 
being as follows: 


Contact S; is normally open and C; is free to assume a voltage on 
the grid side which is substantially zero, owing to the combined 
effects of the current through R, and grid current which flows if 
the grid is even slightly positive, and in such circumstances the 
previously operated relay, ST, would release immediately contact S> 
closes. Si, however, is operated by vehicles traversing the detectors 
in the roads which have right of way, and upon the closure of its 
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Fig. 4.—Basic speed-timing circuit. 


contact C, will start to charge, although it is prevented from taking 

a full charge instantly by R». In fact, the amount of charge 

which is taken is now dependent upon the length of time for which 

S,; is closed. Ry, and R2 are so chosen that the charge will have been 

modified to its zero value by the time the vehicle which had caused 

the actuation of S; has reached a predetermined point, or zone, at 
the crossing. Contact S2 is on the demand relay, and indicates by its 
closure that a vehicle or vehicles are calling for a change of right 
of way. 
This circuit is a simple modification of the valve timing circuit 
described in the previous review; such circuits are now frequently 
used in place of the former neon-tube circuit. 

The controller employs telephone-type relays to store the — 
demands for right of way. Control relays are also used in one 
make for dividing the cycle, although in another make a solenoid- 
operated cam switch is used, the position of which determines 
the signal aspects displayed. Operation of these relays or 
stepping of the switch is controlled by the timing circuit, modified 
by the position of the demand relays. For example, at the end 
of the initial interval of the ‘green’ period, the camshaft is 
stepped on, and timing of the vehicle interval commences, being 
recommenced each time the demand relay is energized. Timing 
of the ‘amber’ periods is initiated by the control relays or by 
the cam switch itself as soon as ‘green’ terminates. An interlock 
is provided to prevent ‘green’ being shown to conflicting traffic 
streams in the event of a fault. The control relays are so 
switched that when one phase shows ‘green’ the timing circuits 
relating to the other phases are broken. Developments of this 
basic circuit can become quite complex, as in the two integrated 
systems now to be described. 


(4.1) Two Recent Examples 


Two examples of complex traffic-light systems recently brought 
into operation in London will illustrate, not only the special 
conditions peculiar to each new application, but also the 
versatility of the standard basic equipment which has been used 
in each case. 

In Oxford Street a new vehicle-actuated progressive system 
replaced in November, 1954, a fixed-time linked system, which 
was installed in 1930 and originally controlled 18 crossings in 
the 14-mile stretch from Marble Arch to St. Giles Circus 
(Tottenham Court Road). At the Monument in the City of 
London, vehicle-actuated signals have been installed to control 
a main intersection in which five roads converge, together with a 
nearby junction, all lying in a compact area, and previously 
controlled by a police sergeant and six constables. 


- (4.1.1) Oxford Street. 


2 Under the old fixed-time system the signals at each of the 18 
_ crossings were switched individually by a local controller, but 
subject to the overriding influence of a master controller, which 
ensured a constant cycle time throughout the system. The start 

of each local cycle was subject to a phase shift, whereby right of 

way appeared progressively at successive crossings, so that 
| vehicles travelling at the speed of this progression would meet a 
- majority of ‘green’ signals. 

j In practice, it is not possible so to link the signals that vehicles 
_ travelling in both directions have a clear passage throughout. 
- Ideal linkings can be achieved only in a one-way system or, for 
_ two-way traffic, where the intersections are appropriately spaced 

at a sufficient distance apart, as in some cities abroad. In the 
~ latter case, the cycle time cannot be altered without altering the 
| progressive speed which vehicles must maintain if they are to 
have an uninterrupted journey. In the original Oxford Street 
installation the cycle time, and hence the progressive speed, 
} could be altered manually at the master controller, but since the 
effect was to alter also the proportion of ‘green’ time allocated to 
each side road, the amount of variation in cycle time was limited, 
} and in practice only two cycles were used, for heavy and light 

_ traffic respectively. It will be apparent that this limited variation 
could not cater efficiently for the wide range of traffic volume 
and speeds between peak hours and evenings or week-ends. 

The system now in operation uses an electronic master controller 

to generate a master cycle time, which is conveyed by tie lines 

to the local controllers. The progressive phase-shift feature is 

again incorporated, but the proportion of time given to the side 
~ roads is now determined by vehicle actuation, so that the cycle 
time can be varied over a much greater range than hitherto. 

To deal with the entirely different forms of traffic under week- 
day and week-end or night-time conditions, two distinct patterns 
are provided for co-ordinating the progressive switching, one 
suitable for light traffic and the other for slower and denser 
week-day traffic. Selection of the appropriate pattern can be by 
time switch, or by an integrator, which estimates the density of 
traffic from the demands registered at the detector pads. The 
integrator is also used to vary the cycle time as generated by the 
master controller, in accordance with the general traffic density. 
In addition, at times when traffic normally reaches a higher 
density, artificial demands are introduced on the main and side 
_ roads at the local controllers, so as to overcome difficulties which 
arise when traffic is unable to move over the detectors because 
of the large numbers of pedestrians. At these times of most 
dense traffic, the insertion of artificial demands means that the 
system works to a fixed-time cycle. 

The traffic integrator uses the vehicle detectors in five approach 
roads to Oxford Circus, which are considered to give a reliable 
measure of the average traffic density over the whole area under 
control. The impulses from all detectors are summed initially 
by an electronic circuit which passes impulses to the stepping 
solenoid of a uniselector switch. After 5 min of counting, the 
result is compared with that obtained and stored previously: if 
the two results vary by more than a certain amount, the old result 
is replaced by the new. Thus the master controller, acting under 
the influence of the integrator, dictates a cycle time in accordance 
with the trend of traffic density but ignores short-term fluctuations. 
Additional tie lines between the master and local controllers 
convey impulses signalling the change of progressive pattern or 
the introduction of artificial demands when the traffic density 
reaches predetermined levels. 

Special arrangements are provided to bring the other control 
systems in the vicinity (i.e. Wigmore Street, Mortimer Street and 
Regent Street) under the general direction of the Oxford Circus 
controller, which therefore ultimately controls some 40 local 
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controllers. In view of its importance, the master controller 
has duplicate impulse generators and a monitoring device to 
switch in the standby if the working unit fails. The units are 
otherwise interchanged daily. 


(4.1.2) Monument. 

The Monument system serves the busy area at the north end 
of London Bridge, consisting of the main junction of King 
William Street with Cannon Street, Gracechurch Street and 
Eastcheap, and the nearby junction of King William Street with 
Arthur Street and Monument Street. 

Lorries from Billingsgate Fish Market, emerging from Monu- 
ment Street, complicate the traffic pattern in the early part of the 
day, including the morning peak period. Thus the minor 
junction is provided with signals linked to those at the main 
junction. The link between the two controllers operates only 
during the busy part of the day-time. During the night and on 
Saturday afternoons and Sundays, when traffic is very light, 
both controllers operate as isolated units, the change-over being 
arranged by a time switch. Even so, there is still an element of 
linking, since both controllers are responding to the traffic 
offering on the common route. Such a natural linking would 
not be evident when traffic was heavy, because of the effect of 
demands on the other phases. 

Provision is made in the design of the controllers for several 
alternative control schemes by varying the sequence of the phases 
and by varying the application of clearance periods. Each 
control scheme has its associated night scheme designed to suit 
the smaller volume of traffic. One of these is illustrated in 
Fig. 5, which shows six stages in the traffic pattern. Stages 1, 3 
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Fig. 5.—Stages of traffic flow at Monument, London. 


and 5 are the major movements, and stages 2, 4 and 6 are simple 
modifications of them; under light-traffic conditions, stages 4 
and 6 are omitted and stage 2 is also omitted if, owing to the 
absence of demand, stage 1 has not been inserted in the cycle. 
As in all controllers, a manual control feature is included, so 
that, under unusual circumstances, operation by a police official 
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is possible; but in the Monument installation additional arrange- 
ments are provided so that the ‘red’ and ‘green’ signals of the 
main phases are repeated on a display panel; operation of a 
toggle switch both preselects the next phases to receive right of 
way and gives effect to the change of phase previously selected. 
It is not possible inadvertently to give right of way to conflicting 
streams of traffic at the same time. 


(6) SIGNALLING AT LEVEL CROSSINGS 


Under existing statutory regulations in Great Britain, level 
crossings must be protected by gates and an attendant must be 
present to operate them. In a very few instances traffic signals 
have been installed in conjunction with gates controlled from a 
signal cabin within 100yd of the crossing. The traffic signals 
follow the usual sequence, a change from ‘green’ to ‘red’ being 
made by the railway signalman prior to initiating action to 
allow the passage of a train. After 3sec have elapsed the 
signalman starts to move the gates. The signal remains at ‘red’ 
until the train has passed, and changes to ‘red-amber’ as the 
signalman starts to reopen the gates, becoming ‘green’ when 
they are fully open. Sanction has been obtained for the use of 
lifting barriers operated on site, each case being considered on 
its merits. One is already in experimental use at a level crossing 
in the north of England and is, of course, manually controlled. 
Further relief from the statutory obligation is being sought, and 
if obtained would permit the protection of crossings by lifting 
barriers operated either automatically by track circuits or 
remotely controlled from the nearest signal box, thus coming 
into line with Continental practice. 


(6) INNOVATIONS IN THE U.S.A. AND ON THE 
CONTINENT OF EUROPE 

A pilot radio control system!® costing $50000 was intro- 
duced in Chicago in November, 1955. Traffic signals at all 
intersections on La Salle Avenue and at two other outlying 
intersections are controlled by a programme radiated from a 
central point by a single transmitter. The programme dictates 
details of cycle time and allocation of ‘green’ time appropriate 
to each intersection. An aerial decoder and receiver have been 
fitted to the existing equipment at each intersection, the decoder 
accepting only signals intended for that intersection. The system 
enables the timing of all signals to be in accordance with the 
prearranged pattern, which may be varied by time of day and 
day of week. There is provision for switching to manual control 
in the event of bad weather or other unusual occurrence. The 
system is capable of expansion to include other intersections in 
the city, and is claimed to be much less costly than the alternative 
conventional method of linkage. It has been reported that a 
similar system is to be installed in Los Angeles. 

Radar is being employed for detection of vehicles in Seattle.!7 
A system was required for controlling vehicle-actuated signals 
at an intersection situated at one end of a railway bridge. 
Installation of conventional detectors in the surface of the bridge 
would have entailed mechanical difficulties. In addition, since 
the bridge formed a funnel in the city’s traffic pattern, serious 
delays would have resulted from interference with even one 
lane of traffic flow while the constructional work was in progress. 
Magnetic detection from the underside of the bridge was rejected, 
because of the thickness of concrete and the presence of a high- 
voltage cable. The detection device finally adopted depends 
on the Doppler effect between the transmitter beam and the 
beam reflected from the vehicle beneath. ach detector is 
approximately the same size as a street lamp and is suspended 
over the traffic lane in the same way. By adjustment of the 
sensitivity, detection may be restricted to vehicles in one lane 


or may be extended to include vehicles in three lanes. A separate } 
detector of appropriate sensitivity is provided for controlling a 
single lane of left-turning vehicles (equivalent to right turning 
in Great Britain). ; 4 

It may be noted that a radar speed-meter, also employing the 
Doppler effect in measuring the speed of vehicles from the |} 
roadside, has been in use for some time in the United States, both i) 
for traffic research and for speed-limit enforcement purposes. |} 
A similar device has recently been employed in this country 
for experimental purposes by the Road Research Laboratory,'® |j 
and by the police in advising motorists of excessive speed. H | 

An experiment is being conducted in Detroit with the use of i 
television cameras at important intersections.!? By this means a |} 
watch may be kept for breakdowns or other causes of congestion 
by monitoring television screens at a distance control point. | 

An innovation in the centrol of pedestrians in the United | 
States is the ‘scramble’ period.”°-2!_ During a substantial part — 
of the cycle at an intersection, all vehicle movement is stopped by — 
the signals and pedestrians are given complete priority. The 
normal rule that pedestrians should cross one street at a time — 
with the lights is waived,-and they may cross diagonally. It | 
was found in San Francisco that, although both pedestrians and 
motorists liked the system, delays to vehicles were much increased. 

In Munich a device for detecting the approach of, and giving 
priority to, a tram requiring to turn right at an intersection has — 
been installed.22_ Difficulty in starting was often encountered | 
when a tram was halted by the signals at this intersection, which 
is on a steep hill. A separate set of rails has now been provided 
for right-turning trams, and the device situated at the points 
ensures that the tram will not be held on the hill. A device to 
serve a similar purpose is also employed in San Francisco. f | 

Mention may also be made of a scheme in Dusseldorf whereby, 
at tram stops near intersections, traffic lights applicable only to 
trams are placed at the crossings, those for other traffic being 
situated some 30yd to the rear. The lights are so phased that 
the trams reach the crossing ahead of other traffic. Passengers 
can thus board and alight in comparative safety, and at the same 
time the public vehicle is given priority at the crossing.”? 

Signals are widely used on the Continent for controlling level 
crossings. On German railways in particular, remotely operated 
barriers are equipped with a loudspeaker intercommunication 
system, so that the road user may communicate with the signal- — 
man.~* With its aid the signalman can detect the approach of — 
vehicles and pedestrians and the position of trains, and can also 
speak to road users in the vicinity of the crossing. 


(7) MAINTENANCE AND RELIABILITY 


As mentioned in the Introduction, the reliability of traffic 
signals has undergone a notable improvement since the previous 
review was written. The conditions under which the apparatus 
is required to operate are far from ideal, and the improvement 
is largely due to the special attention given to preventive main- 
tenance and the elimination of war-time substitute materials. 

Each time a vehicle passes over a detector pad, a relay is 
caused to operate, and at a busy intersection the number of 
operations may be 12-15 x 10° per year. By contrast, the 
hardest worked comparable relay in telephone service operates 
approximately 2 x 10° times a year. Moreover, the traffic- 
signal relays must operate under a wide range of temperatures 
and in the presence of dust and moisture. In the United Kingdom 
both routine maintenance and fault clearing are normally 
attended to, under contract, by the manufacturers of the equip- 
ment.?> The normal practice is for inspections, cleaning and 
general attention at intervals of about 3 months, plus ‘beck and 
call’ service for any troubles in the interim. The work done at 
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each visit is recorded and subsequently analysed. Statistics are 

also maintained of the consumption of various piece parts, so 
that the effects of any modifications may be determined in 
be terms of the average life before replacement. Statistical infor- 
_ mation obtained from operating experience in this way plays 
| an important part in improving both the design of the equipment 
and the methods of maintaining it, leading to greater reliability. 
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SUMMARY 


The paper describes an experimental thermionic theostat in which 
the spacing between the two thermionic cathodes is controlled by 
rotating the valve while one cathode is held stationary by means of 
an external permanent magnet. The valve has a small receiving- 
valve envelope and will control a.c. loads of up to 60 watts when 
operated as a series resistor from 240-volt mains. Three experi- 
mental closed-loop automatic-control systems are described whose 
electrical circuits consist simply of experimental valves actuated 
by mechanical error signals and controlling the current delivered to 
a.c. motors: the systems are a position control, a velocity-integral 
control for moving materials and an air-flow control. 


(1) INTRODUCTION 


In many closed-loop control systems the position or motion 
of a mechanical element driven by an electric motor is monitored 
with the aid of some form of pick-off device which produces an 
electrical error signal, which is used to control the flow of 
electric power to the motor. The electrical portion of such a 
system contains a mechanical-electrical transducer, a power 
amplifier and often one or more intermediate stages of ampli- 
fication to increase the loop gain of the system. 

In electronic control systems it is usual to amplify electrical 
signals with the aid of thermionic valves which introduce 
additional power into the system from an external source of 
supply. The most commonly used valves are thyratrons, which 
act as electrical relays, and high-vacuum thermionic valves 
which act as electrically controlled rheostats. The operation! 
of both types is usually explained in terms of variation of the 
space-charge-free electric field within the valve, this field being 
a function of control-grid potential. The source of their ampli- 
fication lies in the fact that control-grid potential may be varied 
by a signal of very much less power than the change in anode- 
circuit power which it produces. 

The electric field within a thermionic valve is a function of 
the inter-electrode spacing. It is therefore possible to control 
this field through the displacement of an internal electrode by 
a low-powered mechanical signal and thus to produce mechanical- 
to-electrical signal conversion accompanied by amplification. 
Up to the present, this possibility has been realized in practice 
only in the form of low-power diodes? and triodes* used for the 
measurement of very small mechanical displacements. A single 
thermionic valve is never used as a means of controlling the 
power delivered to a relatively large electrical load in response 
to a mechanical signal. 

In a previous paper,° three ‘self-heating’ thermionic valves 
were described. One of these, the thermionic rheostat, is a high- 
vacuum diode having two planar oxide cathodes with variable 
spacing which act as a bidirectional variable resistance in a.c. 
circuits. The full anode dissipation of such a self-heating valve 
is available for heating the cathodes, which may therefore have 
much larger emitting areas than those of conventional thermionic 
valves. This fact enables the thermionic rheostat to operate 
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efficiently when controlling the flow of power to a load from 
a.c. supply mains in the common range 200-250 volts. A 
successful thermionic rheostat might therefore be expected to i 
perform the functions of transducer and amplifier without the 

necessity for the power transformers and rectifiers usually 
associated with conventional amplifiers. The possibility exists 
of obtaining satisfactory performance for certain control 
requirements by using only two electrical components—a 
thermionic rheostat and its load. That such a simplification 
should be appreciated is evidenced by the number of statements 
made during recent years emphasizing the need for greater 
reliability and simplicity in industrial electronic equipment. 

The experimental thermionic rheostat previously described, in 
which the spacing was varied by tilting the valve, was intended 
only for the measurement of its electrical performance. Although 
some possible methods of effecting control of the spacing were 
suggested, no attempt was made at that stage to evolve a practical 
design. The present paper is an account of subsequent work 
carried out with the objects of demonstrating that an effective 
thermionic rheostat can be designed using conventional valve 
construction, and that such a valve can be made to perform 
operations of sufficient economic importance to justify the 
development of production models. 


(2) THE EXPERIMENTAL VALVE 


The experimental thermionic rheostat described in the paper 
was designed to make use of the equipment, the techniques and 
some of the parts used in making a small self-heating triode 
which has been described elsewhere.® It represents only one of 
a number of widely varying approaches which might be made 
to the problem of designing a practical thermionic rheostat by 
designers having at their disposal the full range of modern valve 
technique. To emphasize the particular nature of the valve, and 
for convenience, it will be referred to as the ‘evatron’ (eccentric 
variable-angle thermionic rheostat), The evatron may be 
regarded as a model whose power ratings could if necessary be 
increased by a factor of at least 20. Twenty individual valves of 
this design have been made. 


(2.1) Control of Inter-Electrode Spacing 


The ‘moving’ cathode of the evatron is mounted so as to rotate 
within the valve about a certain axis, while the whole valve is 
mounted so as to rotate about this same axis. The moving 
cathode may thus be fixed in space by the action of an external 
stationary magnet on an armature attached to the cathode. 
This arrangement (Fig. 1) provides a relatively rigid mechanical 
relationship between the angular displacement of the valve and 
the inter-electrode spacing. 


(2.2) Construction 


The valve and its working parts are illustrated in Fig. 2. The 
elements are mounted on a standard receiving-valve stem sealed 
within a standard cylindrical envelope 29mm in diameter and 
85mm long. Both cathodes are 42mm long and have hollow 
rectangular cross-sections measuring 10mm x 1:5mm outside 
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Fig. 1.—Method of controlling inter-electrode spacing. 


__ The envelope, A, rotates about the axis, B. The moving cathode, C, is held 
stationary by the external magnet, D, acting on the armature, E. The fixed cathode, 
F, is mounted rigidly within the envelope. 


Fig. 2.—The evatron and its working parts. 


. Complete tube. 
Moving cathode. 

Fixed cathode. 4 
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Heater. 

Armature. 

Magnet. 


OmmOAw> 


with a wall thickness of 025mm. The fixed cathode is supported 
between the mica spacers by means of four 1mm diameter nickel 
rods. The moving cathode is supported by means of two 
0:75mm molybdenum rods formed into the shape of cranks 
whose ends rotate within holes drilled in 0-12mm xX 2mm 
molybdenum straps clipped to the inside surfaces of the mica 
spacers. The steel armature measures 30mm Xx 2mm x 1mm 
and is attached to the moving cathode by two 0-17mm tungsten 
wires which restrict thermal conduction from the cathode. 
Electrical connection is made to the moving cathode through a 
helix of 0:12mm tungsten wire. Both cathodes are made from 
Grade A nickel and are coated on one face with barium-strontium 
oxide. Coating weights of from 0-5 to 4-0mg/cm? of carbonates 
have been used successfully. The fixed cathode is fitted with an 
insulated starting heater rated at 10 watts, but the moving cathode 
has no heater. Both cathodes are heat-treated during manu- 
facture by induction heating. A Bakelite base which fits a 7in 
diameter shaft is cemented to the envelope. The base has four 
hollow nickel terminals which are crimped to flexible connecting 
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wires, the crimped junctions lying on the axis of rotation of the 
tube. Two internal stops set the minimum cathode-to-cathode 
spacing at 1 mm and the maximum angle of rotation at about 35°. 


(2.3) Mechanical Characteristics 


A typical valve mounted on ball races and counterbalanced 
requires a torque of 3 g-cm to overcome the total static friction. 
Without counterbalance the valve has a maximum moment due 
to gravity of 40g-cm and a moment of inertia of 240 g-cm?. 


(2.4) Electrical Characteristics 


The electrical characteristics of an evatron may be represented 
by a series of r.m.s. voltage/current curves? each of which 
corresponds to a particular angular position of the valve. Such 
curves are of limited value in practice, because only loads having 
unity power factor can be represented conveniently on them and 
because the limits set by cathode-heating requirements vary with 
the type of load and so cannot be represented as absolute 
boundaries. It is more convenient to represent the characteristics 
of the combination of a valve and a particular load connected 
to a specified a.c. supply as a set of experimental curves showing 
the significant load variables as functions of the angular position 
of the valve and indicating the limits set by the requirements of 
cathode heating. 

The maximum cathode-heating power, which should not 
exceed the maximum permissible cathode dissipation, is a function 
of the supply voltage and the characteristics of the load, and 
occurs at a definite angular setting for a particular load® con- 
dition. The minimum permissible steady-state cathode dissipa- 
tion is greatly affected by inter-electrode spacing, because the 
net heat loss from the cathodes at a given temperature increases 
with the spacing; moreover, the first derivative of heating power 
with respect to equivalent valve resistance is negative when the 
spacing is greater than the value corresponding to maximum 
heating power. Consequently, any tendency to temperature- 
limited operation over part of the cathode will result in a cooling 
of the cathode, further loss of emission and perhaps ultimate 
cessation of current flow. On the other hand, if this derivative 
is positive, changes in emission and temperature tend to be self- 
compensating. The above factors result in lower minimum 
permissible dissipations for inter-electrode spacings below the 
condition of maximum heating power than for spacings above 
this value. The effects of these factors are very pronounced 
with non-parallel inter-electrode arrangements such as that of 
the evatron. : 

Fig. 3 shows load power and valve dissipation as functions of 
angular position, for the series combination of an evatron 
and a 700-ohm resistive load connected to a 240-volt a.c. supply; 
the maximum cathode heating power is 20 watts, while the 
minimum permissible steady-state cathode dissipations are 
10 watts in the direction of decreasing angle and 15 watts in the 
opposite direction with corresponding load powers of 60 watts 
and 9 watts. The angular sensitivity [(change of load vol- 
tage)/(change of angular position)] varies between 8-5 and 
2-5 volts per degree over this range. 

Fig. 4 shows the torque/speed characteristics of a universal 
series motor as a function of the angular position of an evatron 
through which the motor is connected to the 240-volt a.c. mains. 
The boundaries set by the minimum requirements for steady-state 
cathode heating are also shown. Such curves, together with the 
moments of inertia of the motor and the valve, constitute the 
necessary information for applying such a combination to a 
control problem, since the effective internal motor torque can 
be assumed in practice to be an instantaneous function of motor 
speed and valve position. 
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Fig. 3.—Curves of load power, Pz, cathode dissipation, Pa, and r.m.s. 
current, J,, as functions of angular position for an evatron 
connected to a 240-volt supply through a 700-ohm resistive load. 


The limits of steady-state operation lie between 10 and 15 watts cathode dissipation. 
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Fig. 4.—Variation of motor torque with speed at various angular valve 
positions for the series combination of an evatron and a series 
motor connected to a 240-volt supply. 


A 1uF capacitor is connected across the motor to improve its 
C across power factor. 
Broken lines (10 and 15 watts dissipation) define the limits of steady-state operation. 


(2.5) Power Gain and Noise 


In order to compare the performance of the evatron with other 
amplifying devices, it may be helpful to obtain an approximate 
figure for power gain under some typical operating condition. 
If the static frictional torque of 3 g-cm referred to in Section 2.3 
is assumed to be constant over a sinusoidal input signal of 10° 
peak value, and if the power of the output signal is defined 
as 4[(maximum load power) — (minimum load power)] with a 
700-ohm load, the power gain can be shown to be 48dB at 1c/s 
and to fall at the rate of 3 dB per octave with increasing frequency. 


The effective value of the inertial torque increases with the square |}, 
of frequency and will equal the assumed frictional torque at. 
1-6c/s. { 

sasha the output of the evatron is used without further , 
amplification, the noise currents generated by the flow of space- |} 
charge-limited current through the valve are of no significance |} 
and are in any case likely to be overshadowed by noise originating |} 
in the supply mains. However, any relative displacement of the \ 
cathodes due to mechanical shock or vibration or to bearing ||} 
friction during rotation will result in an amplified output signal | 
which could possibly excite a control system in which the valve _ 
was operating. The effects of shocks and vibration on the output jj 
of the evatron have not been studied, because its unbalanced |} 
layout—which will greatly influence its vibration sensitivity—is 
not regarded as an essential feature (see Section 2.8). The 
moving cathode can be made to oscillate in the field of the magnet 
by the effects of a mechanical shock, a typical frequency being 
20c/s. Such oscillations are sustained only for peak amplitudes 
of 2° or less and do not significantly affect the characteristics of a 
combination of motor and valve. 


(2.6) Starting 


The evatron is started by heating the fixed cathode only and 
operates initially as a rectifier. When both cathodes are at 
operating temperature the heater is switched off, either manually 
or by a relay whose coil is in series with the cathodes. One 
experimental valve has a Nichrome-molybdenum bimetallic strip 
attached to a cathode support, the strip operating a pair of 
contacts within the valve to break the 240-volt supply to the 
heater. Automatic starting using such an internal thermal relay, 
together with mains-voltage heaters, appears to be practicable. 


(2.7) Life Tests 


Two evatrons (Nos. 6 and 9) were life tested for a period of 
3000 hours in an apparatus which subjected them to a displace- 
ment of +15° 90 times per minute at constant angular velocity 
while operating in series with 240-volt 40-watt lamps. At the 
end of the test the bearings of both tubes had worn by approxi- 
mately the journal diameter and the cathodes of No. 6 (originally 
sprayed with 0-5mg/cm? of carbonates) were almost denuded 
of coating. 


(2.8) Further Development 


The principal weaknesses of the present design are the non- 
parallel cathode movement, the electron bombardment of the 
envelope, and the unnecessarily high moment of inertia due to 
eccentricity. In higher-powered valves having larger envelope 
diameters and multiple cathodes moving about a central axis of 
rotation, these weaknesses could be reduced or eliminated. The 
life of such valves could be improved as regards cathode erosion 
and bearing wear by increasing the coating weight and the 
bearing area. Moreover, research into cathode performance and 
bearing design might be expected to produce significant improve- 
ments. 

Notwithstanding the present encouraging results, a survey 
should be made, prior to any further development, into all 
suggested methods of cathode suspension and control in the 
light of available production techniques and probable application 
requirements. The result of such a survey could well be a 
practical design having little resemblance to the present model. 


(3) APPLICATIONS 


It is possible to devise applications for suitably designed 
thermionic rheostats in many control systems where mechanical- 
to-electrical signal conversion and subsequent amplification are 
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‘required. However, the principal potential advantage which these 
. valves appear to offer at present lies, not in the improvement of 
“existing electrical controls, which are already highly developed, 
but rather in making possible the addition of electrically simple 
_ automatic controls to certain industrial processes where present- 
_ day electronic equipment cannot be justified because of its initial 
| cost or because of the servicing problems which it creates. The 
three experimental laboratory equipments illustrated in Figs. 5, 


240V 
50c¢/s 


Fig. 5.—Experimental position control. 


/ A. Series motors. 
B. Evatrons, 
C. Differential gear. 
D. Input shaft. 
E. Output shaft. 


Fig. 6.—Experimental velocity integral control. 


A. High-resistance shaded-pole induction motor. 
B. Evatron. ~ 

C. Tensioning weight. 

D. Moving thread. 


(3.1) Stability 


The provision of special electrical means for controlling the 
stability of such systems is inconsistent with the retention of 
their electrical simplicity. However, in systems such as those 
shown in Figs. 5 and 6, all mechanical inertias, including those 
of the motor and the valve, are inelastically coupled together, 
resulting in a second-order characteristic which may be damped 
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sufficiently if the internal motor torque falls rapidly with increas- 
ing speed.” Higher-order systems in which a mechanical 
compliance exists between the motor and the valve (see Fig. 7) 


240 V 
50 c/s 


Fig. 7.—Experimental air-flow control. 


A. Series motor. 
B. Blower. 

C. Evatron. 

D. Oil dashpot. 

E. Restoring force. 


may be stabilized at the expense of response time by the applica- 
tion of mechanical damping to the valve shaft, which is normally 
the point of minimum signal power. 


(3.2) Position Control 


The position control illustrated in Fig. 5 makes use of two 
series motors (Fig. 4), each controlled by an evatron, which 
exert opposing torques on a common shaft to obtain reversible 
motor action.* The evatrons act in opposite directions in 
response to an error signal. The driven motor produces a 
damping of the system in addition to that of the driving motor, 
but also absorbs some of the shaft power of the driving motor. 
The following performance figures!® were measured with the 
angular displacement between the valves set to give a critically 
damped characteristic: 


Dead zone: +2”. 

Velocity misalignment coefficient: 1:3 x 1072sec. 
Time-constant of step-function response: 9 x 10—? sec. 
Stiffness coefficient: 6 kg-cm/deg. : 


(3.3) Velocity Integral Control (Tension Control) 


The velocity integral control illustrated in Fig. 6 will operate 
in either direction, with the controlled motor acting either as 
motor or as brake. The ranges of operating speeds with a typical 
thread tension of 100g are 20-140 cm/sec for motoring and 
20-300cm/sec for braking. The natural frequency of the 
system lies between 2 and 2:5c/s over the range, and the damping 
ratio is approximately 0-2. 


(3.4) Air-Flow Control 


The air-flow control illustrated in Fig. 7 uses the series motor 
shown in Fig. 4. The typical restoring torque setting of 74 g-cm 
acting on the valve results in a steady-state motor voltage of 
170 volts and an angular valve position of 7°. At this working 
point the zero-frequency open-loop gain is —24, the natural fre- 
quency is 1-3¢/s and the overshoot is 10%. 

* A yalve containing four pairs of cathodes (see Section 2.8) connected as a 


4-element bridge to supply the control winding of a 2-phase servo-motor is visualized 
as the most promising arrangement for reversible motor action. 
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(4) CONCLUSION 
The construction and successful operation of a small experi- 
mental thermionic rheostat, the evatron, has shown that the 
theoretical possibilities of the thermionic rheostat as an element 
in simple automatic control systems can be realized in practice. 
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It is not within the mental capacity of one individual to become 
intimately conversant with the detail design and manufacture of 
the whole variety of equipment comprising electrical generation, 
distribution and application. The result is that engineers tend 
to become either possessed of a general acquaintance with a 
large part of the subject or alternatively trained to a close and 
intimate knowledge of an apparently very restricted field. At 
the start of an engineer’s life (as such) the decision as to which 
of these impulses to follow is made—consciously or by accident 
or fate in the form of opportunity. 

Those who consciously form a choice may be inclined to a 
view commonly held that the concentration on a restricted line 
of work is less attractive, if only by reason of its apparent 
narrowness, and the words ‘in a groove’ may be used to dis- 
courage the idea. The alternative of becoming knowledgeable 
over a wide range of our subject may be more alluring, in that 
such a course may provide means to a wider engineering life 
and experience and consequently a position of greater value to 
the community and therefore to the individual. This question, 
which it may be agreed presents itself with a greater or less 
degree of conscious torment to every young engineer, calls for 
an early decision. The period which may be termed training 
time must constitute approximately 30% of an engineer’s effective 
working life. To be most beneficially used, it should be started 
with a definite view of its real purpose. 

Of these two views of aims of professional engineering life, 
namely generalization or specialization, a choice must be made 
and may vary by reason of individual feeling or may be made 
without a proper appreciation of the inherent effects of the choice. 
It may be suggested that generalization will provide an interest 
and experience in many and varied items of engineering practice 
and equipment: life will be full, and variety is the spice of life; 
this is the tempting sequence. 

The allure of generalization can, however, be deceptive. 
Taken to the limit, of course, it may result in knowing nothing 
about everything or sheer bewilderment. There is this about 
the specialist: provided he starts early and earnestly, he must and 
will find a widening of this field of essential interest the further 
he travels in his specialist pathway. To obtain the most effective 
results in his particular field, he finds himself forced to discover 
the characteristics of a large range of associated materials and 
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processes. This can be done only by contact with others who 
are themselves specialists. It is probably true to say that 
specialists in different branches of engineering form a close 
brotherhood, where experience is shared in common acceptance 
of the continual effort to wrest from nature more profit and life 
to mankind. To become a specialist is therefore to play a vital 
part in a great human enterprise. This acquaintance with his 
fellows and the detail of their knowledge forms the basis for | | 
much of his own specialist work. d 

As an instance of this wideness of essential knowledge involved 
in the fullest application to a single line of work, we may consider 
the design and construction of what is frequently referred to as 
the simplest and most elemental form of electrical equipment, 
namely the power transformer. This usually consists of an 
assembly of steel, copper, vegetable fibres, mineral oil and 
porcelain. The field of interest and detail knowledge desirable 
to a specialist transformer engineer involve all the materials and 
products which he uses; only then can he make the most effective 
use of the several elements of the finished transformer. Such 
interest will, I suggest, prove to be both broad and alluring. 

To illustrate this theme, I propose to discuss under several 
heads the main elements used in transformer construction, 
namely steel for the magnetic circuit, copper for the windings, 
Fullerboard for the main insulation, and ceramics for terminal 
bushings. Finally I propose to show something of the produc- 
tion of the transformers themselves. 

[There followed a review of the history and development of 
production processes applicable to the four basic materials, and a 
brief description of core treatment, coil winding and transformer 
assembly, profusely illustrated by lantern slides.] 

Perhaps I should apologize for the implied limits of interest 
and desirable knowledge involved in relation to the design of 
transformers. I have only attempted to deal sketchily with the 
main basic materials and have made no mention of the problems 
of mechanical stress imposed on winding structure under system 
short-circuits; electrical stresses resulting from lightning imposed 
on transmission circuits; the involved thermal performance of 
the core, windings and cooling systems; and the many and varied 
conditions relating to the application of transformers. 

I hope I have conveyed an impression that the specialist 
designer can and must take a wide and comprehensive view from 
his own corner of our industry and can therefore discover a full 
and rewarding demand on his utmost capacity. 
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SUMMARY 


The incidence of electrical fires is described, and it is shown that 
fires due to apparatus occur at a rate of one per 104MWh transmitted. 
Fires due to fixed installations do not appear to vary with time, 
although it is expected that these may increase during the coming 
| years owing to the ageing of cables. There appears to be little evidence 
that fires are being caused by the overloading of cables. Details are 
given of a survey which is to start in 1957. 


(1) INCREASING DEMAND FOR ELECTRICITY 


During the last 50 years the electrical energy distributed per 
annum has risen steadily, and it seems that, in the future, with 

- the development of nuclear power, electrical distribution will 
play an even greater part in the national economy. It is perhaps 
prudent, therefore, to consider how this is likely to affect the 
fire situation over the next decade or two. 

Table 1 shows the growth in the demand for electricity with 
| time. It will be seen that the energy distributed is expected to 
| rise by a factor of approximately three by 1975, while the number 
of consumers will rise by about one-quarter. 


Paper No. 2316 U 
Apr. 1957 


FIRES OF ELECTRICAL ORIGIN 


By D. I. LAWSON, M.Sc., F.Inst.P., Member, and J. F. FRY, B.Sc., A.M.LC.E. 
(The paper was first received 10th October, and in revised form 10th December, 1956.) 


The chance of fires occurring would be expected to depend 
both on the power transmitted, and, of course, since the problem 
is a statistical one, on the time for which the transmission is 
taking place. This suggests that the number of fires should be 
proportional to the energy transmitted. 

The chance of a fire being caused by a fixed installation will 
also depend on the length of circuit energized, but, as will be 
seen later, the large majority of fires are associated with apparatus, 
so that, to a first approximation, the effect of the length of the 
circuit can be disregarded. 

It can be seen from Fig. 1 that a linear relationship exists 
between the number of fires annually attended by the fire 
brigades and the electrical energy transmitted. These fires may 
be divided into two categories: those due to wire and cable, 
and those due to apparatus. It is convenient to consider each 
separately. 

(2:1) Fires Due to Wire and Cable 

For the purpose of the paper fires due to wire and cable are 
defined as those originating in permanently installed electrical 
circuits, and they do not include fires in plugs and flexible leads 
to apparatus. The latter are considered in Section 2.2. It can 


Table 1 


Tue INCREASING DEMAND FOR ELECTRICITY 


Electrical energy transmitted, MWh x 10° 


Electrical power generated, MW x 103 


Consumers xX 106 


+ Estimated. 


The pattern of electrical development in the future is expected 
to be much the same as in the past, as can be seen from Table 2, 


| which shows the amounts to be used in various applications. 


This continuity of pattern would tend to indicate that the growth 
in the annual rate of fires from electrical causes would be 
maintained. 


(2) ELECTRICAL FIRES IN GENERAL 


Nearly all the electrical energy generated is ultimately degraded 
to heat in a controlled manner, which harmlessly warms the 
surroundings in which the.equipment is used. This is a tribute 
to the quality of electrical circuits and equipment. Nevertheless, 
sometimes small amounts of energy are inadvertently applied to 
combustible materials, and a fire may then ensue. The power 
density required to start ignition is quite small. A density of 
5 watts/cm? is quite sufficient to cause most combustible materials 
to ignite spontaneously. 


Written contributions on papers par wnee without being read at meetings are 
invited for consideration with a view to publication. My 
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rs * Estimated from Reference 1. 


Table 2 


ELECTRICITY CONSUMPTION IN GREAT BRITAIN 
(Taken from Reference 1) 


Industrial 
Domestic 
cultural 
Commercial 
Traction 


agri- 


and 


be seen from Fig. 1 that fires due to wire and cable are independent 
of the amount of electrical energy transmitted—the number is 
about 2400 per annum. The fact that the number of new 
installations is varying much less rapidly with time than the 
amount of electrical energy transmitted annually suggests that 
the fires associated with wires and cables are not due to the 
continuous overloading of cables, and it is interesting that 
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NUMBER OF FIRES 


fo) 20 40 60 
ENERGY TRANSMITTED, 10°MWh 


Fig. 1.—Number of fires of electrical origin occurring annually, in 
terms of electrical energy transmitted. 


(a) Total fires of electrical origin. 
(6) Fires due to electrical apparatus. 
(c) Fires due to wire and cable. 


Gosland? lists overloading as the cause of very few fires. Indeed 
some experiments carried out by McGuire and the author on 
fires due to overloaded cables (see Appendix 8.1) showed that 
gross overloading must take place before a fire is started. 

The independence of fires due to wire and cable on the electrical 
energy transmitted might suggest that the faults were associated 
with bad connections and leakage, as these would tend to vary 
more with the number of installations, although the evidence is 
not at all conclusive. It has been stated? that the chance of a 
fire occurring in an installation increases at the rate of 7 parts 
per million per year, and thus the fires might be expected to 
increase according to the age and number of circuits in existence. 
This trend over the period covered by the paper would be lost 
in the statistical fluctuations of the data available. 
estimates of the fires caused by wire and cable may be made 
from Table 1. The aggregate age of the installations at present 
in use and those predicted in the years 1965 and 1975 is given 
in Table 3. 

Table 3 


AGGREGATE AGE OF INSTALLATIONS (IN CONSUMER YEARS X 109) 


Pre-1925 | 1925-35 | 1935-45 | 1945-55 | 1955-65 | 1965-75 


102 


260 


Thus, unless a large proportion of the fixed installations are 
written off in the next 20 years, it might be expected that the 
annual number of fires caused by fixed installations would 
increase to about double the present figure of 2400 per annum. 
The maximum number of fires would be caused by the installa- 
tions connected in the period 1925-35; these would account for 
about one-half of the total fires due to fixed installations. 


Some © 
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(2.2) Fires Due to Electrical Apparatus 


No attempt has been made so far in the collection of statistics 
of fires due to electrical apparatus to ascribe the cause either to | 
the user or to the apparatus. Thus it does not follow that the: i | 
fires were necessarily due to faulty equipment; indeed, it is | 
known that a large number were due to misuse of apparatus jf 
and might, in some cases, have occurred had other types of fuel | 
been used. 

It can be seen from Fig. 1 that the number of electrical fires |} 
occurring annually is proportional to the annual quantity of | 
electrical energy transmitted, the rate being one fire per 104 MWh. | 
Thus it might be expected from the programme of electrical |} 


power development that the number of fires per annum would |} 


be trebled unless there were a marked change in the reliability — 
of apparatus or the habits of the general public in that time. 

Fig. 2 shows the total number of fires (including wire and cable) ] 
estimated for the next 20 years. 


NUMBER OF FIRES 


1955 


1945 
YEAR 


Fig. 2.—Estimated number of fires of electrical origin occurring 
annually in Great Britain for the period up to 1975. 


This increase in the number of fires of electrical origin may, 
however, be accompanied by a decrease in the number of fires 
which would formerly have had their origin in other sources 
of fuel. For example, a change to electrical heating may result 
in an electrical fire, but at the same time it means that there is 
potentially one fire less due to coal or gas heating; and the 
increasing fire incidents associated with electric heaters, cookers 
and irons may be counterbalanced by a decrease in fire out- 
breaks due to coal, gas or oil-fired appliances. Whether this 
will result in the fire situation becoming better or worse will 
depend on the relative hazards associated with the equipment 
and its use. 

The annual number of fires associated with various kinds of 
apparatus is shown in Table 4. 

Some of the appliances (e.g. radio, television, etc.) can use 
only electricity, and for these the increasing fire rate is not 
counterbalanced by any decrease in the number of fires having 
their origins in other forms of fuel. The same applies to equip- 
ment that can use an alternative fuel but in which fires occur — 
mainly in the electrical version. This division is shown in Fig. 3, 
where it can be seen that the fire rate for equipment which can 
use only electricity is about the same as that for electrical equip- 
ment which has its equivalent using other fuel. 


(3) FUTURE ACTION 


This possible large increase in the annual rate of fires of 
electrical origin requires the closest attention. Since the majority 


Table 4 
ELECTRICAL FIRES IN GREAT BRITAIN, 1947-52 


Number of fires 
Supposed cause of fires 


1947 1948 1950 1951 1952 


| Cooker 393 784 
1186 
360 
336 
1014 
414 
134 
2656 


1284 


i ) Fire, heater orradiator | 1184 
“ o 378 


mi iron .. C 
| Motor 
Refrigerator . 
) Sound radio .. 


NUMBER OF FIRES 


ENERGY TRANSMITTED, 10°MWh 


| Fig. 3.—Effect of the type of electrical apparatus on the annual 
number of fires. 


(a) Apparatus peculiar to electricity. 
(b) Apparatus not peculiar to electricity. 


of the fires appear to be associated with apparatus, it is necessary 
first to identify the types of apparatus giving most trouble and 
to find out whether the fires are being caused by misuse or by 
defective equipment. 

If the fires are found to be mainly due to the misuse of electrical 
apparatus, it will be necessary to educate the public in the use 
of the apparatus concerned and to see whether it can be made 
more foolproof. It may be found that fires are being caused by 
cookers or heating appliances which are installed too near 
combustible materials, and this would require a change in the 
regulations governing the installation of such appliances. 

Should it be found that a large number of fires are resulting 
from electrical faults, the co-operation of electrical manu- 

~ facturers’ associations or of individual manufacturers as appro- 
priate would be required. 

Any recurrent faults in fixed installations would, of course, 

| be a matter for consideration by The Institution’s Wiring 
- Regulations Committee. 


(4) COLLECTION OF INFORMATION 


Before any action can be considered it is necessary to collect 
the information on which it can be based, 

During the last few months a questionary has been drawn 
up by the Joint Fire Research Organization in consultation with 
members of the Electrical Research Association Sub-Committee 
V/B (Fire Risks), and H.M. Chief Inspector of Fire Services has 
agreed to ask the various fire brigades in the United Kingdom 
to complete it for all fires they attend which are suspected of 
being caused by electrical apparatus or electrical installations. 
In case of doubt the C.E.A. Area Board will be consulted. The 
form to be issued is shown in Appendix 8.2. It has been designed 
by the Statistical Unit of the Joint Fire Research Organization 
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and is self-coding—the appropriate items will be ringed. Though 
the form looks complicated, comparatively few items are involved, 
a minimum of writing is necessary and it is hoped that ambiguity 
has been avoided. 

During the first year it is expected that reports will be available 
for nearly 9000 fires, and this should enable some of the broader 
issues to be considered. 


(5) CONCLUSIONS 

(a) Fires due to electrical apparatus which are attended by 
fire brigades are increasing proportionately to the amount of 
electrical energy transmitted annually. These fires occur at a 
rate of one fire for every 104 MWh transmitted. 

(b) If the scheduled increase in the generation of electrical 
power is maintained, it is expected that the fires due to apparatus 
will increase from the present figure of about 6000 per annum 
to 18000 per annum in 1975. 

(c) The number of fires due to fixed installations is, at present, 
fairly independent of the electrical energy transmitted, although - 
Gosland2 has shown that there is a significant increase in fire 
susceptibility with the age of the installation. During the next 
20 years the aggregate age of installations will more than double 
unless a considerable proportion is written off, and it may be 
expected that fires due to installations will rise by 1975 to nearly 
5000 per annum. 

(d) There is, at present, no evidence to suggest that the fires 
in fixed installations are mainly due to the overloading of cables. 
Laboratory experiments indicate that cables are very con- 
servatively rated with respect to fire; this is borne out by the 
independence of fires in fixed installations on the energy trans- 
mitted. 

(e) The first step in the solution of the problem of electrical 
fires is to start a survey to discover the causes. This is now being 
carried out. 
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(8) APPENDICES 
(8.1) Fires Due to Overloading Cables 
Investigations were undertaken to find the circumstances 
under which the following electric cables could cause fires: 
(a) Twin rubber-covered 250-volt cable (1/:044in rated at 
6:1amp). 
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(b) Twin 660-volt p.v.c.-covered cable (3/:029in rated at 
7-8 amp). 

(c) Single vulcanized-rubber-insulated cable (3/-029in rated 
at 7:8 amp). . 

(d) Samples of old vulcanized-rubber-insulated cable installed 
in 1916 and withdrawn in 1952 (3/-029in rated at 7-8 amp). 


(8.1.1) Experimental Procedure. 

Various overload currents were passed through the cables 
under test. The conductors of the twin cables, which each carried 
the test current, were maintained at different potentials in order 
to observe when the conductors touched. In the case of single 
cables the potential was maintained between the conductor and a 
foil of thin copper containing the cable. The cables were placed 
between 4in-thick sheets of fibre insulating board, and observa- 
tions were made of the times at which the conductors broke 
through the insulation to form a short-circuit and also of the 
times at which fires broke out. 


(8.1.2) Results. 


The results are shown graphically in Fig. 4, in which it is seen 
that the short-circuit fault in both p.v.c. insulation and rubber is 


1000 
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Fig. 4.—Graph showing the time for either a fire or a short-circuit to 
develop on a cable when carrying various currents. 


Tough-rubber-sheathed cable. 
Tough-rubber-sheathed cable. Fire. 
P.V.C.-insulated cable. Short-circuit. 
[J P.V.C.-insulated cable. Fire. 
Vulcanized-rubber-insulated cable. 


Short-circuit. 


Short-circuit and fire. 
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distinct from the beginning of the fire. ! 
occurred almost simultaneously when higher currents were ||} 
passed through the p.v.c. cable, although closer inspection — | 
showed that the short-circuiting of the conductors and the out-° || | 
break of fire were not related. However. with the vulcanized- ||} 
rubber-insulated cable, the two occurrences appeared to be ||} 
simultaneous. | 
From the curves it seems that there was a greater tendency for |jj 
short-circuits to develop with p.v.c.-insulated conductors at 
lower currents than with rubber-covered cable, but a lower ||} 
tendency to cause fires as the current was increased. itt 
The minimum currents at which fires occurred in the various |} 
cables are given in Table 5. ; 


Table 5 


CURRENTS NECESSARY TO CAUSE FIRES IN VARIOUS CABLES 


Equivalent shunt 
resistance to give 
the same power with 
230 volts between 
conductors 


Current 


ohms/ft 
4100 


2100 
3 000 


watts/ft 


Twin rubber-covered cable 13 
(1/-044 in) 

Twin p.v.c.-covered cable 25 
(3/-029 in) 

Vulcanized - rubber - insu- 
lated cable (3/-029 in) 


Some experiments were made with cables which had been 
boiled in water for 15min. With p.v.c. and tough-rubber cable 
the moisture evaporated on test owing to the heating of the | 
current-carrying cable, and the insulation between the conductors — 
remained good until the current was increased to the short- 
circuiting point. The water appeared to affect the resistance of 
the vulcanized-rubber insulation, reducing it to about 50000 
ohms/in. The insulation recovered as the cable dried. 

There appeared to be no significant difference in performance 
between old and new vulcanized-rubber-insulated cables, 
although the insulation of old cable was harder and more ~ 
friable. 

The insulation resistance was measured before and after test 
for the various types of cable, and the results are shown in 
Table 6. 

In all samples of cable investigated the currents necessary to 
cause fires were greatly in excess of the rated currents. A current 
of this magnitude would flow only if the local fuse were incorrectly _ 
rated. It is understood that the fuse rating for domestic premises 
is 60amp and it is perhaps interesting that this current would 
cause a fire in tough-rubber-sheathed and p.v.c. insulated cables 
within a few minutes, but attempts to cause a fire by passing 

[continued on page 191 


Table 6 


INSULATION RESISTANCE OF THE VARIOUS TYPES OF 


Insulation test 
before experiments 


Insulation test 
after experiments 


CABLE BEFORE AND AFTER TEST 


Remarks 


Rubber and p.v.c. insulation .. a aa co 


New vulcanized rubber insulation 
Old vulcanized rubber insulation ke se) 
New vulcanized rubber insulation 
Old vulcanized rubber insulation 


Between zero 
and co 


CO Even when the material was reduced to powder by 
flame, this still applied 


oe) Currents of 60 amp and less 


Currents in excess of 60amp, whether fire occurred } 
or not 
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REPORT OF ELECTRICAL FIRE 


[See Section 8.2, page 191] 


This side of form to be used for. reporting fires due to wire and cable and equipment forming part of permanent electrical 
supply installation, including outdoor fires but excluding fires in vehicles. 


Cols. 


Code 


Item 


ITSP TI DAS ee rrr ema attis eigeneeunintateg 1-3 
KC433 NO eee ee eta yy 4—7 
Be arenes | Bald 
ND AV Oh WCC Kine rere sete snes Btacterenstt 14 
MRimevol CiISCOVERVNET in met eee eto 15-16 
Premises 17-18 


House - 
Flat built as flat 

Flat in converted house 

Club, hotel, restaurant, etc. 

Office 

Shop or showroom 

Warehouses, wholesale dealers 

School, college 

Hospital, home, institution 

Factory, workshop, other industrial premises 
@ther thatta DOV reece ern tee ire 


Location of Failure 


Type of Wiring Causing Fire 


0 V.R. lead-covered 
1 V.R. other than lead-covered 
D) T.R.S. z 
3 P.V.C. or other plastic-covered 
4 Flexible ‘cable (flex) 
5 Temporary wiring 
Otherthantabove cet c ee eeseoenane: 
Protection of Cable 29 
0 Unprotected 
1 Casing and capping 
2 Steel conduit 
3 Plastic conduit 
4 Ducting 


OtherthasabOvVe ste oe one 


Size of Conductor 30-31 


Current rating 


Size 


0 Indoor F 
1 Outdoor 02 3/-036 
03 7/-029 18-2 
Part of Installation Failing | 20-21 a toad a 
00 Cable or flex 2 : 
01 Ceiling rose 06 7/052 36°8 
02 Circuit-breaker 07 Other cables with 7 strands or less 
03 Fuse box (metal) 08 Cables with more than 7 strands 
04 Fuse box (Bakelite, plastic) 99 Unknown 
05 Fuse box (other than above) 
ne ee ase oe aan Defect in Main Conductors 32-33 
08 Plain socket 00 Circuit overloaded 
09 Switch socket 01 Defective contact 
10 Switch 02 Broken conductor 
11 Distribution board 03 Insulation damaged mechanically, e.g. by 
Other than above chafing and piercing 
cates. a Ptr, nena eee 04 Insulation damaged from other causes, ¢.g. 
moisture, heat, age, chemical action 
Age of Installation Other than ADOVE ou...cccscccccccssssssssesseeesnseeeeensssnessesreeueneneenne 
Age in years Pe FR tract sssinsciactedtine evuucbtunacnaacescsreencenarauoustbansavancatheneuereneenysdpncnscsesacdugenesmunagssens5hees sacseccvcepacsarercuencsce 
99 Unknown 99 Unknown 
Type of Labour Used for Installation | 24 Defect in Protective System 34-35 
0 Professional 00 Defective contact in earthing circuit 
1 Amateur 01 Earth-continuity conductor touching gas pipe 
2 Unknown 02 Earth fault not associated with gas pipe 
Other than AbD 0VE .rrcssssscnsstrsiesnesnueneneintnemuenananene 
Type of Fuse eA ha Sa at pees 6s lana ema 
0 Enclosed 99 None 
1 Open 
2 Cartridge ; 36 
3 Miniature circuit-breaker 1S Seat of Generation of Heat Causing Fire 
3 eT cicar breake 1 iy), ABY detec: in: main conductors 
acres z pase i i t 
6 Cartridge fuse with earth-leakage circuit-breaker 2 ny Geter’ 1) Pre Ce eye: 
7 Miniature circuit-breaker with earth-leakage 37 
circuit-breaker Extinction of Fire | 
Other than ADVE -ccccccscsercnscnenemsatannnenennutanents 1 Hie diediout 
BE ee se botare cmerecore chet eB brr  a eee 2 Fire extinguished before arrival of fire brigade 
3 Fire tackled before arrival of fire brigade, 
Size of Fuse or Rating of Circuit-Breaker 26-27 extinguished by brigade 
Amp cpu tose loth cee err cea 4 Fire not tackled before arrival of fire brigade, 
99 Unknown extinguished by brigade 
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REPORT OF ELECTRICAL FIRE 


[See Section 8.2 on next page] 
This side of form to be used for reporting fires due to electrical apparatus, including outdoor fires but excluding fires in 


Bire Brigade wits. cuenuccscaehenvanscosiicsamieaneciras 
FAS SING sr acucttetaa sent ttn dicqeneas, asm cver este satin 


Day of week 


Time of discovery 


vehicles. 


Item 


Thermostatic Control 


Thermostat fitted 
No thermostat 


Power Taken by Apparatus 
(a) Watts 


or (b) Horse-power 


Premises 
House 
Flat built as flat 
Flat in converted house 
Club, hotel, restaurant, etc. 
Office 
Shop or showroom 
Warehouses, wholesale dealers 
School, college ; 
Hospital, home, institution ; 
Factory, workshop, other industrial premises 
Other than above 


Location of Failure 
Indoor 
Outdoor 


Apparatus Primarily Involved 
Boiling ring 
Cooker, oven (domestic) 
Drier (other than oven) 
Hot-plate 
Kettle 
Oven (industrial) 
Fire (guarded) 
Fire (unguarded) 
Heater (convection) 
Heater (off-peak storage type) 
Radiator or tubular heater 
Lamp (portable) 
Light or light fitting (fixed) 
Fluorescent lighting (or choke) 
Immersion heater 
Water heater (other than immersion) 
Radio or radiogram 
Television 
Accumulator 
Blanket or bed-warmer 
Tron 
Motor 
Motor controller 
Plug, adaptor or connector 
Projector 
Refrigerator (compressor type) 
Refrigerator (heater type) 
Thermostat or thermal relay 
Transformer 
Washing machine 
Welding apparatus 
Wire or cable (lead to apparatus) 
Other than above 


Fuse in Circuit-Feeding Apparatus 
Size of fuse, amp 
Unknown 


Make of Apparatus 
Maker’s name 


Age of Apparatus 


Age in years 
Unknown 


Allocation of Fault 


Fault in equipment 
Fault in installing or connecting equipment 
Improper or careless use 

| Other causes 


Cause of Fire 38-39 


Heating due to bad contact 

Heating due to defective insulation 

Overheating other than by overloading 

Overloading 

Short-circuit by mechanical defect or external agency 
Earth fault leading to generation of heat elsewhere 
Direct contact with combustible material 

Ignition of combustible material without direct contact 
Other causes 


Unknown 


Spread of Fire | 40 


Fire confined to apparatus of origin 
Fire spread beyond apparatus of origin 
damaging —structure only 
—contents only 
—structure and contents 


Extinction of Fire 
Fire died out 
Fire extinguished before arrival of fire brigade 


Indicator Lamp 
Pilot lamp fitted 
No pilot lamp 


Fire tackled before arrival of fire brigade, 
extinguished by brigade 

Fire not tackled before arrival of fire brigade, 
extinguished by brigade 


| this current through the more traditional vulcanized-rubber- 
! insulated cables failed. 


Ey 

} (8.2) Reporting Forms for Electrical Fires Involving Fixed 
Installations and Apparatus* 

Notes on Completing ‘Report of Electrical Fire’ 


A copy of the form should be completed for every fire to 
which a fire brigade was called, in which either electrical apparatus 
or electric wire or cable was the source of ignition, including 
those fires in which materials were ignited not through any 
fault in the apparatus but because of careless usage. Electrical 
| fires in vehicles should not be included. 

1. Please ring the appropriate number in the column headed 
*Code’ (e.g. if the fire occurred in an hotel a ring should be put 
around the number 3 to the left of ‘club, hotel, etc.’). 
_ 2. Where no number is shown in the ‘Code’ column, please 
enter particulars in the space provided. 
3. Please note that this form does not replace the normal 
form K.433. 
| 4. The intention is that for any given fire only one side of the 
form, and only one item in any box should be applicable. 
| Difficult cases may arise, but reporting officers are asked to 
resolve the difficulty if possible, or to send in a brief description 
of the circumstances. 
5. The LE.E. current rating has been included against each 
| specified size of the conductor to help the reporting officer to 
judge whether the circuit is overloaded. A short table of the 
current-flow equivalent to various power ratings in watts at 
| three voltage levels is given below, together with some repre- 
5 sentative power and current-consumption figures for various 
types of domestic apparatus. 


¥. 
= 


+ 
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(1) CURRENT FLOW EQUIVALENT TO VARIOUS POWER 
RATINGS 


Normal voltage of installation 


Power rating of apparatus » 200 volts 220 volts 240 volts 


Calculated current fl 


(2) REPRESENTATIVE POWER RATINGS OF VARIOUS TYPES OF 


APPARATUS 
Watts 

Boiling ring. . ae a at we .. 1000 
Hot-plate wa ¥. ae = .. 1000-2000 
Fire oa ae .. 1000-3 000 
Convector heater .. .. 1000-3000 
Off-peak storage heater . 1500-2000 
Lamp, portable .. 60-150 
Light or light fitting 25-150 (per bulb) 
Immersion heater .. ae ays 2.000 
Water heater (other than immersion) 2.000 
Radio or radiogram ag 60-100 
Television .. ee Up to 150 
Blanket or bed-warmer 40 


* See Section 4, page 187; the forrns appear on pages 189 and 190. 


Mr. E. W. Krebs (communicated): It is interesting to note that 
the very ingenious 4-speed winding developed by the authors 
leads to the investigation of asymmetrical and unbalanced 
windings and their permissibility. Such types of windings are 
§ not unknown (as single-speed windings) to designers of small 
induction motors; they occur when stator stampings have to be 
used whose number of slots is a multiple of the number of 
phases. Instances of this kind are 3-phase windings for 6 poles 
in 24 or 48 slots, or 2-phase windings for 4 poles in 36 slots. 
The choice of such slot numbers may be dictated by existing 
stampings or, in the case of multi-speed motors, by the restric- 
tions imposed by the other number of poles. The windings can 
1 be single-layer or double-layer, and the number of turns per coil 

may be equal or different in different phases, sometimes with the 
) wire gauge adjusted to suit the slot filling. 

The asymmetries met with such windings include the forms 
described and investigated in connection with the 4-speed 
motor. In addition to the slightly different magnitudes of the 


+ Rawcuirre, G. H., and JAYAWANT, B. V.: Paper No. 2180 U, December, 1956 
(see 103 A, p. 599). 


DISCUSSION ON 


‘AN ASYMMETRICAL INDUCTION MOTOR WINDING FOR 
6:3:2:1 SPEED RATIOS’ 


phase voltages (or their fundamental components), there may 
be a slight unbalance in their angles, and there may also be sub- 
harmonics that are more or less unbalanced. I am in complete 
agreement with the authors that all these types of unbalance 
do not appear to affect the performance too badly, so long as 
they are reasonably small and a mesh connection is avoided. 

Prof. G. H. Rawcliffe and Mr. B. V. Jayawant (in reply): We 
did, of course, know that various forms of asymmetry had 
previously been tolerated in electrical machinery. The examples 
with which we are familiar, however, are like those cited by Mr. 
Krebs, in that the asymmetries have been small and accidental, 
arising from such things as a desire to use existing slot numbers, 
rather than an inherent part of the design. 

We are glad that Mr. Krebs agrees with us that moderate 
unbalance does not appear seriously to affect performance, but 
that it is desirable to avoid a delta connection. It might, 
however, be noted that we have also shown that a winding 
which is balanced for fundamental components, but is geometric- 
ally asymmetrical, may none the less still be used in delta 
connection. 


DISCUSSION ON 
‘AN ELECTRONIC OVER-CURRENT RELAY FOR ELECTRICAL MACHINES” 


Mr. K. W. Goody (communicated): 1 do not agree with the 

authors’ statements regarding the use of the relay shown in 
Fig. 2 in multi-phase circuits. The most common type of multi- 
phase working is 3 phase, and if the authors’ recommendations 
to connect the current transformer outputs in either series or 
parallel are followed, then for a 3-phase symmetrical overload 
of any magnitude the output will be zero and the relay will not 
operate. 
- A fundamental limitation to both circuits exists in the high 
value of grid resistance necessary to provide a suitable time- 
constant for the exponential delay. With 4 grid resistance of 
several megohms the reverse grid current plays an important 
part in deciding the standing bias for the valve. Since this 
reverse grid current is of the order of 0-5-24A for most valves 
of the type used, considerable differences in bias, and therefore 
in sensitivity, can be expected according to the individual reverse 
current characteristic. 

Tests I have recently carried out on a similar circuit arrange- 
ment showed a large divergence from the unit calibration when 
other new valves of the same type were fitted. The alternative 
to a large value of discharge resistance is a higher value of 
capacitance, but physical size limitations may not allow this. 

The authors suggest that in general their electronic device is 
far superior in most respects to conventional thermal and mag- 
netic over-current relays. In my opinion a well-designed electro- 
mechanical over-current relay is preferable for the following 
reasons: lower production costs; smaller volume occupied; 
inherent reliability eliminates the need for self-failure protection; 


800Fr 


(0) 


(o) 


PERCENTAGE OF FULL-LOAD CURRENT 


TIME 


Fig. A 


(a) Oil dashpot relay with restrainer, 
(6) Motor starting current. 


accuracy easily maintained within B.S. limits (+10%); automatic 
provision for peak starting currents (see Fig. A). 

I consider that the sphere of electronic protection lies within 
the same bounds as electronic speed control of motors and may 


tas eRe riN J. S. H., and CHapman, G. S.: Paper No. 2109 U, August, 1956 (see 


be considered as an expensive refinement where other devices. 


will not fulfil the close tolerance requirements of a particular) 


motor drive application. 

Messrs. J. S. H. Goodall and G. S. Chapman (in reply): | 
fact that the sum of the a.c. outputs of current-sensitive elements — 
when connected in 3-phase circuits is zero if the phases are 
balanced is well known, but an examination of our circuits will 
show that rectifiers are interposed between the outputs of the | 
elements and the relay, and hence, owing to the high back resis-_ 
tance of those rectifiers, the positive half-cycles only are presented — 
at the input of the relay. Thus a direct potential proportional © 
to the line current appears at the input. i 

The reason why Mr. Goody considers a grid resistance of 
several megohms is necessary is not clear to us. The voltage | 
at the input is generally not more than 50 volts, and hence _ 
components of high capacitance and small physical size such as 
have been developed for use in conjunction with transistors may — 
be utilized. 

With reference to Mr. Goody’s comparison between elec- | 
tronic and electromagnetic relays we would make the following — i 
observations. 

The cost of the electronic relay when mass produced is unlikely | { 


to be significantly greater than that of the electromagnetic type, | 
since one basic unit only would be required to cover all current _ 


ranges, adjustments only being required to the values of a small 
number of the components in the input network. 


Having regard to the large dimensions of most overload coils — 


and their dashpots, it is unlikely that the volume occupied by the . 
electronic relay would be greater to any marked degree. 

It is our experience that, in general, the current types of 
magnetic and thermal overloads are far from reliable, particularly 
after long periods without operation. It may also be noted that 
failure to operate due to rusted plungers, stuck pistons in dash- 
pots and other mechanical failures is not apparent until it is too 
late. 


when in circuit, without passing full overload current, whereas — 


| 


It is not generally possible to test electro-mechanical relays _ 


the electronic type may readily be tested for both current and 


delay-time calibrations by use of a small dry battery, as described — 


in the paper. 


An accuracy of +10% is an extremely wide tolerance, perhaps — 


dictated by the limitation of the electromagnetic relay. With the 
electronic relay we would envisage a tolerance of +5% on the 
current calibration and +2% on the delay-time calibration. 

Provision for peak starting current may or may not be auto- 
matic, as required. Further, instantaneous operation of the 
electronic relay is obtained when starting under stall conditions. 
Fig. A shows that there is a delay in operation of the electro- 
magnetic relay even when it is passing 700% of full-load current, 
while restrained operation is obtained with as little as twice 
full-load current. The electronic relay may be arranged to allow 
say 4 times full-load current for starting, but to give instantaneous 
operation at 5 times full load while reverting to normal delayed 
protection immediately the motor current falls to its normal 
value after the starting-up period has passed. 

We regard accurate and reliable protection of electrical 
machines as a necessity rather than a refinement. 
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H.xperience 


like this... speaks for itself 


¢ 


, CE ee Rt OT ERR NT aE ay ae 
nt a a oe al 
pss Cena Gaara GS ES OS OE a oe em es ee ect ee ee es es Se es Se ee ee ee ee Oe 


NO. OF 
oe EVAPORATION STEAM CONDITIONS DATE OF 


ORDERED K Ibs/hr M.C.R. PSI i oF COMMISSIONING 


S| O_O 


BOILER PLANT 


Portobello. 540 1400 965 1954-5 


Littlebrook ‘C’ 360 975 915 1952-6 
ie Stourport ‘B’ 515 1550 1060 1954 
4 Drakelow ‘A’ 515 1550 1060 1954-5 
: Connah’s Quay 300 625 825 1954-7 
- 


7 
1 
4 
6 
) 
Ince 4 550 950 925 1954-7 
Skelton Grange ‘A’ 3 550 975 940 1954-6 

5 

4 

1 

2 

3 


South Denes 550 950 925 1956 
Willington ‘A? 830 1600 | 1060 1956-8 __| 
Drakelow ‘B’ 860 | 1600 1010/1005 | . 
Agecroft ‘B’ 860 1600 1010/1005 

High Marnham 1400 2450 1060/1005 


Ee a egies Oe 


IC Power Station installations such as these regularly figure in the annual list 
Ho of the twenty power stations with the highest thermal efficiency. They are 
| evidence of the vast experience gained by IC in the design and construction of 
outstanding boiler plant, both large and smali. 


Enterprising Engineering by 


THE INTERNATIONAL GOMBUSTION GROUP OF COMPANIES 


INTERNATIONAL COMBUSTION LIMITED INTERNATIONAL COMBUSTION PRODUCTS LIMITED 
INTERNATIONAL COMBUSTION (EXPORT) LIMITED ‘ RILEY (iC) PRODUCTS LIMITED 


London Office: Nineteen Woburn Place, W.C.1. Tel: Terminus 2833. Works: Derby, England; Port Elizabeth, South Africa; Sydney, Australia 


TGA. SGSI 


PROCEEDINGS OF THE INSTITUTION OF ELECTRICAL EN 


Part A. POWER ENGINEERING, APRIL 1957 _ 


CONTENTS 


A Self-Oscillating Induction Motor for Shuttle Propulsion..........++++++.0+- E.R. Laituwatte, M.Sc., and P. J. LAWRENSON, B.Sc. 


Brushless Variable-Speed Induction Motors. : 
Pror. F. C. WILutAMs, O.B.E., D.Sc., D.Phil., F.R.S., E. R. LAITHWAITE, M.Sc., and L. S. Piccott, M.Sc. 


Discussion on the above two Papers........0ce eee ce cece ence ener e seers serene eaeaerersesesrenencasacsrsasesssarsasss Pomrsets Siz 18 
Insulation Properties of Compressed Electronegative Gases....... Prec oa so P. R. Howarp, Ph.D., B.Sc.(Eng.) 12 
Discussion on the above Paper and on ‘The Electric Strength of Highly Compressed Gases’......- 2. 2+se esses sceeees eens seeseacres 13 


Processes Contributing to the Breakdown of Electronegative Gases in Uniform and Non-Uniform Electric Fields. we 
P. R. Howarpb, Ph.D., B.Sc.(Eng.) 139 


The Automatic Solution of Power-System Swing-Curve Equations. 
Coun ApAMson, M.Sc.(Eng.), L. BARNES, M.Sc.Tech., and B. D. NELLIst, M.Se.Tech. 143 


Electronic-Analogue-Computer Study of Synchronous-Machine Transient Stability........ A. S.-ALDRED, M.Sc., and P. A. Dorie, B.E. 152 
Discussion on the above two Papers and on ‘Dynamic Operation of an A.C. Network Analyser’.........-..-+-21sseeeeeeseeseeseees 161 
The Application of Electricity to Railway Signalling (Progress ReviewW)........-.++eeeseneseecee ee ees sence en teseneseneee R. Dett 165 
The Application of Electricity to Signalling for Road Transport (Progress Review)...... J. STRINGER, M.A., and A. T. WILForRD, B.Sc. 

A Thetmionic Rheostat fon Automatic @ontfol. vs ccsree oi) < ere) = lela se cielo) lol odie oleae wlglote tetas) halite rete ernie E. G. Hopkins, Ph.D., B.E. 

North StattordshireSub-Centre: Ghatrman’s Address’: . sft )etete boieicie's oie 5 eum e lets toustengt oie tatste)iebetete uel e re taisats tetera sale taste ale ace A. T. CHADWICK 2 
Pirescof Blectricall Origine ise .:de co bee dis ae es caio ie pisinsa al elatcvnus acopeiisle, filet cteyetolera tere etetehale enn etene ea D. I. Lawson, M.Sc., and J. F. Fry, B.Sc. 185 — 
Discussion on ‘An Asymmetrical Induction Motor Winding for 6 : 3 : 2: 1 Speed Ratios’.:............... pis Sate aie seip fae eo ote 191 


Discussion on ‘An Electronic Over-Current Relay for Electrical Machines’......... 22... cencscesceccnccccscsuscsvcssercsce vossinn) AOR 


Declaration on Fair Copying.—Within the terms of the Royal Society’s Declaration on Fair Copying, to which The Institution subscribes, material may be copied from issues — 
of the Proceedings (prior to 1949, the Journal) which are out of print and from which reprints are not available. The terms of the Declaration and particulars of a Photoprin 
Service afforded by the Science Museum Library, London, are published in the Journal from time to time. i 


Bibliographical References.—It is requested that bibliographical reference to an Institution paper should always include the serial number of the paper and the month and year 
of publication, which will be found at the top right-hand corner of the first page of the paper. This information should precede the reference to the Volume and Part. 


Example.—Smrtn, J.: ‘Overhead Transmission Systems’, Proceedings I.E.E., Paper No. 3001 S, December, 1954 (102 A, p. 1234). 


OPO PEO OOP OLED OER OYA YER YORE LPR LER 


THE BENEVOLENT FUND | 


During the last few years the standard of grants has not kept pace with the increase in the 
cost of living. Will you help to improve the position by becoming a new subscriber or 
increasing the amount of your contribution, preferably under deed of covenant? 


KE SE 


Subscriptions and Donations may be sent by post to. 
-THE HON. SECRETARY, THE INCORPORATED BENEVOLENT FUND OF 
THE INSTITUTION OF ELECTRICAL ENGINEERS, SAVOY PLACE, W.C.2 
or may be handed to one of the Local Honorary Treasurers of the Fund 


2 4 


ee 


THE FUND HELPS MEMBERS OF THE INSTITUTION AND THEIR DEPENDANTS 
IN TIMES OF ILL-HEALTH OR OTHER DIFFICULTIES 


nO, “ 
DL idl doin 


* 


LOCAL HON. TREASURERS OF THE FUND: 


DHE OE OE EB SE SE PE OE OE OOO 


EAST MIDLAND CENTRE .. . . . R.C. Woods SCOTTISH CENTRE Ne 5 
ree ansaiy. SIE $ 
IRISH BRANCH Oi nos ame «a 5 ee le NORTH SCOTLAND SUB-CENTR ae oe aS y 
D NORTH WALES CENTRED. A. Picken SOUTH MIDLAND CENTRE . Capt. J. H. Patterson. R.A. @: 
NORTH-EASTERN CENTRE .. . J. F. Skipsey, B.Sc. RUGBY SUB-CENTRE . . TP, Gere Bae. 
NORTH MIDLAND CENTRE. . J. R. Rylands, M.Sc. SOUTHERN CENTRE, -.. 2) ogo ae oe , 
SHEFFIELD SUB-CENTRE, PEPCOMGE Sins hee WESTERN CENTRE (BRISTOL) | | | 4. H. McQueen a 
NORTH-WESTERN CENTRE... W. E. Swale WESTERN CENTRE (CARDIFF). | | David J. Th oy 
SUB-CENTRE se WEST WALES (SWANSEA) SUB-CENTRE 0. J. Mayo x 
Cr ‘ 7 ‘ P y - ay “ 
NORTHERN IRELAND CONTR ) SOUTH-WESTERN SUB-CENTRE . .  W.E. Johnson @. : 
Ny 


vi 


Published by The Institution, Savoy Place, London, W.C.2. Telephone: Temple Bar 7676, 


Printed by Unwin Brothers Limited, Woking and London. Telegrams: ‘Voltampere, Phone, London.’ 


